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AUTHOR'S PREFACE 

The scope of this book, was -stated in the form*"' *■*'*' 

“in the preparation of th* e 

ten** 1 '** *' u 

ica.1 . «v uy Himself and his 

colh ,. k .j to uiscuss the phenomena ~ f logical 

spcc.nuiy, not yet fully exoln^*' 1 r' * t " : ■ It was 

dilefly fb* 1 1 '■ * ■ • • : ' ' * ■ ’ * ■ . : were 

consider 1 . ! ‘ — -according to its bearing 

upon ba ' ■ * 1 ..j»- »\ twin these limits the writer has attempted 

to include the salient facts and to offer a bibliography comprehensive 
enough for the use of workers in the held. On the other hand, ex* 
planations of elementary concepts and pbenomp"" *rology are 
provided for readers not 

The - — * .. advances 

in the s ....ngeus, haptens and toxins, was 

an ince ►uuurmg upon a revision. At the same time the op- 

portunity was taken to expand several sections and to include a num- 
ber of subjects, formerly omitted, in order to give an outline of the 
field of immunochemistry. The general plan of the book and the em- 
phasis on matters of theoretical and biological significance have been 
maintained. In the allotment of space preference was given to sub- 
jects on which other treatises have left something to be added; on a 
similar consideration, in the new chapter dealing mainly with physico- 
chemical investigations, treated fully and with clarity in well-known 
reviews, only a synoptic presentation was attempted, sufficient, it is 
hoped, to provide an introduction and to supply the main experi- 
mental findings. 

Arbitrariness could not be avoided in handling the vast literature; 
reasonable completeness was aimed at, however, with subjects on 
which adequate compilations are not available. Regrettably, the most 
recent European literature, other than British, was not available. 

As before, the sequence of the chapters corresponds broadly to the 
progress of serological research. Natural antigens and antibodies are 
first discussed, then artificial conjugated antigens and the reactivity 
of simple chemical compounds (including a summary of the expert- 
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mental work on “drug allergy”), next the chemistry of specific non- 
protein cell substances, and in conclusion the developments in our 
knowledge of serological reactions from a physico-chemical approach. 

That Dr. Linus Pauling accepted the invitation to contribute a 
chapter on molecular structure and intermolecular forces is highly 
appreciated by the writer and will, no doubt, be welcome to many. 

The author again expresses his gratitude to Dr. H. Lampl and J. 
van der Scheer, and to the late Dr. E. Pr&Sek, for their most valuable 
collaboration in the investigations on antigens, and to those who have 
assisted in other ways. In particular he is greatly indebted to Dr. 
M. W. Chase who with critical and constructive advice rendered as- 
sistance throughout the composition of the manuscript, and to Miss 
E. H. Tetschner for her invaluable help in preparing the manuscript. 

K. L. 
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INTRODUCTION 




he morphological characteristics of plant and animal species form 
ie chief subject of the descriptive natural sciences and are the erf* 
•ria for classification. But not until recent times and the advent of 
:roiogy has it been clearly recognized that in living organisms, as in 
ie realm of crystals, chemical differences parallel the variation fn 
ructurc. This conclusion was arrived at indirectly, not as the result 
f studies made with that aim in view. The idea of specificity «jrfg» 
lated in the knowledge that after recovery from an fafcctfcta disease 
aere remains an immunity for that particular disease, a fact which 
nund its first practical application in Jenner’s vaccination again at 
mallpox. The search for the explanation of this remarkable pit- 
lomenon led to the discovery of a peculiar sort of subcUnce* in the 
ilood serum, the so-called antibodies, some of them protecting against 
nfectious agents (bacteria and viruses), or neutralizing tmir* 
These substances, now definitely recognized as modified j Mbtilfa* 
ire formed not only as a result of infection but also in conzemwe* 
>f the administration of certain poisons of large mofeafcr *?»! (u n 
ns from bacilli, 1 higher plants 3 and animals *), or of dead hzrM* 
K new line of serological research, and the separation ci zrr<\r/r/ 
from the original close connection with the question of ir'rrvritv u 
disease, began with the discovery' that the immunization mi- 

crobes and toxins is only a special instance of a r^vrajC*' 
and that the same mechanism is in play when "5?/ 

such as cells or proteins derived from a foreign 
into animals. In these cases, likewise, there apr^/- ‘7 f _ 
antibodies causing the agglomeration or destruct>^ * ./* 
cipitation of proteins. , 


* Roui. Rehrinc, KiUsato 

* Khriich. 

*C4tmrfle. ThiMtitand ncrtnnd 

* PWffcr, MftehnikofT. Gruber and Durtura, Kun 
•TichiMowilth, Rordct, Ddfanti and Caibcs- w r 

UUrobuih. '* tw* 



4 „ SPECIFICITY OF SEROLOGICAL REACTIONS 

The immune antibodies all have in common the property of spe- 
cificity, that is, they react as a rule only with the antigens that were 
used for immunizing and with closely similar ones, for instance with 
proteins or blood cells of one species, or particular bacteria, and re- 
lated varieties. 

Hence a general method for differentiating proteins, distinguish- 
able only with difficulty or not at all by the chemical methods avail- 
able, was furnished, and it was found that, particular proteins 
characterize every species of animals and plants. 

The specificity of antibodies, whose range of activity was later 
found to extend far beyond the proteins and to include simple chem- 
ical substances, underlies the practical applications of serology and 
constitutes one of the two chief theoretical problems, the other being 
the formation of antibodies. The term “specificity” is often used to 
imply that a certain immune serum reacts with only one of many 
biologically similar substances, as tetanus antitoxin with no other 
toxin but that produced by B, tetani. It is known, however, that 
snake antivenins neutralize not only the venom used for immuniza- 
tion but neutralize also to some degree venoms from other snakes, or 
scorpions (i) and, as has already been pointed out, the selectivity 
is not absolute when proteins or cells of related origin are tested with 
an immune serum; indeed it will be seen later that, using chemically 
well defined compounds, overlapping reactions occur regularly, pro- 
vided the substances are sufficiently similar in chemical constitution. 
The word “specificity” then signifies that the reaction with one of 
the antigens, namely, that used for immunization, is stronger than 
with all others. Yet even this definition is not comprehensive enough, 
since it does not take into consideration a group of phenomena which 
resemble antibody reactions in all essentials. 

A case in point is that of plant hemagglutinins. 0 In the seeds of 
Abrus precatorius and Ricinus communis, there are, along with toxins 
(abrin, ricin), substances that clump blood corpuscles, quite like the 
hemagglutinins of animal sera. Agglutinins of this type have also 
been found in numerous non-poisonous plants, particularly in Papil- 
ionaceae (phasins). Many of these substances, which are proteins 
and antigenic, act in very high dilutions and upon practically all 

•Robert (2), Landsteiner and Raubitscbek (3), Schneider (4). Eisler (5) 

. ..... . 1 — * — „;n. — '—-i -'>»<- other 

d pre- 
(7a)» 
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sorts of blood. However, when solutions — for example, of abrin 
and ricin — which contain such agglutinins, are mixed with the blood 
of different animals, it will be found that the reactions differ in 
strength; thus one of two sorts of blood may be agglutinated more 
intensely by the abrin solution, the other by ricin. Even more strik- 
ing differences arc demonstrable with crotin, a substance from the 
seeds of Croton tiglium which has hemolyzmg and hcmagglutinating 
properties, and with hemolysins derived from certain bacteria and 
animals. These lysins act strongly on the erythrocytes of numerous 
species that are in no way related, but have little or no effect on 
others. For example, arachnolysin 7 contained in the spider Eperia 
diadema, reacts strongly with the blood of rabbit and man but has 
practically no effect on guinea pig or horse erythrocytes, while the 
latter blood is very sensitive to the lysins produced by tetanus bacilli. 
Natural antibodies, in the author’s opinion, belong in the same 
category. 

The action of plant agglutinins,* not limited to a single substrate 
yet to some extent selective, has not commanded much attention in 
spite of its theoretical interest — the agglutinins arc occasionally re- 
ferred to in the literature as non-specific — and for this reason as 
well as the scarcity of reliable data, the following experiment is pre- 
sented. The highest dilutions were determined in which solutions 
prepared from seeds still agglutinated suspensions of red blood cor- 
puscles. The titers after a given time are shown in Table x. It is of 


Tabu: i 



Blood 


Blood 


Rabbit Pigeon 


Iforae PiRCon 

Re.tn extract 


:ooo 

Abnn 

iaS 


Lentil extract 

160 

0 

Ricin 

4 

s» 


importance that corresponding to (he variations in the sensitivity of 
blood cells, there arc also distinct differences in the binding capacity 
for the agglutinins. 

The reactions just described may properly be termed specific and, 
accordingly, it seems adequate to define serological specificity as 


’Stein (S) 
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the dtsproportional action of a number of similar agents on a variety 
of related substrata. Depending upon the number of substances acted 
upon and the relative strength of the reactions caused by one reagent, 
one can distinguish differences in the range of activity and the de- 
gree of specificity. The definition includes as limiting case the spe- 
cificity of the immune antibodies, highly though not completely 
selective, which, because of their origin, are uniquely related to one 
substance, and — although it is applicable to many chemical reac- 
tions — it serves to distinguish the serological effects from apparently 
similar ones. 

Thus, there are various substances which agglutinate blood cells,® 
such as, salts of heavy metals, inorganic colloidal acids and bases, 
and basic proteins (protamines, 10 histones). The hemagglutihating 
and (with the aid of complement) hemoly2ing action of some of 
these substances, as colloidal silicic acid, 11 which is detectable in 
concentrations as low as o.ooi per cent by agglutination of blood, or 
tannin, 12 parallel the serological phenomena sufficiently to serve as 
non-specific models thereof and to yield information concerning their 
mechanism (Reiner) . On the other hand, these agents do not possess 
the characteristic property of disproportional action and specific ab- 
sorption. From the results of a few experiments, the specificity 
ascribed to hemagglutination by metallic salts (19) seems doubtful; 
at any rate, it is necessary in such tests to consider the influence of 
the hydrogen ion concentration. A slight degree of specificity, in 
the sense defined above, could be demonstrated in the hemolysis pro- 
duced by saponins. 13 

Finally, it should be mentioned that antibodies act by combining 
with the inciting substances, as first shown by Ehrlich (22) with an 
antibody prepared to the plant agglutinins mentioned above; trivial 
as this statement now sounds, in those days the opinion was shared 
by some authorities that the protection by immune sera is due rather 
to an action on the animal body. Subsequent to the specific union 
there occur visible effects constituting the “second stage” of antigen- 
antibody reactions (p. 252). This second stage, of subordinate sig- 
nificance for the problem of specificity, depends on the properties 
of the substrate and subsidiary conditions. 

•On non-specific agglutination of bacteria, v. ScMfi (6). 

“Thompson (12). 

u Lands! einer (13), Browning (14). 

“Reiner et al. (15), Kruyt (16), Freund (17); v. (18). 

u K.o8er (20), Ponder (21). 
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The investigations to be discussed on antigens and antibodies and 
their specificity have developed into a special branch of biochemistry, 
peculiar in regard to materials, methods and the nature of the reac- 
tions, which depend on affinities different from those that are in- 
volved in the covalent bonds of organic chemistry. These studies will 
bear upon other biological phenomena in which selective reactivity 
of the agents is a prominent feature, such as enzymatic, pharmacolog- 
ical, hormonal and chemotherapeutic effects. Other than that, as will 
be seen, they have already served to bring many biological sub- 
stances, discovered serologically, within the scope of chemical re- 
search. 


PRINCIPAL IMMUNOLOGICAL PHENOMENA 
AND NOMENCLATURE 

Substances inciting the formation of and reacting with antibodies 
arc named antigens. 1 * Sera that contain antibodies as the result of 
the injection of antigens 15 are called “immune sera” (antisera); the 
designation “normal" or “natural” antibodies is applied to substances 
found in the serum of untreated animals, which are similar in their 
effects to the antibodies developed by immunization. A rather de- 
tailed nomenclature has been built up around the diverse manifesta- 
tions of antigen-antibody reactions, the antigens and antibodies being 
described with reference to the kind of reaction observed; but it is 
necessary to state at the outset that the same antibodies can act in 
various capacities, e g., as agglutinins and precipitins (see below). 

Poisonous antigens characterized by high toxicity and their capac- 
ity of being fully neutralized, even in high multiples of the lethal 
dose, by their antibodies arc termed toxins (as the toxin of the 
diphtheria bacillus) 18 or cxotoxtns (an expression used in distinc- 
tion to endotoxins, which are less toxic, fimly attached to the cell 
and not readily neutralized by antisera). Toxins include substances 
which destroy cells, c g., the hemotoxin (or hemolysin) of tetanus 

"For the words "hapten." "ccnjupted antiRtn," v (pp 156, 76, no) 

** In amplification of it* oripruJ meaning the term immunization u comment)' 
used also when aniizens are not harmful and the antibodies which are formed have 
no euratnc or proterm e role 

1 ■ >■ ■ ■* 1 , • 

! r ' ■ ■ ■ 1 1 • ’ . 1 i ■ 1 ;■ ■*’ 1 

■ '.1- * ■ - • 1 < 1 ■ f " s ! 

were calird amboceptors. 
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bacilli, the leucotoxin (or leucocidin) of staphylococci, etc. The 
neutralizing antibody is called antitoxin. Toxoids are modified toxins 
which are atoxic but still antigenic and capable of combining with 
antibodies. The dumping of cells is known as agglutination, and the 
antigens and antibodies involved are called agglutinogens and ag- 
glutinins (hemagglutinins, bacterial agglutinins) respectively. Sim- 
ilarly, the antibodies causing disruption of cells (lysis) are desig- 
nated as lysins (bactcriolysins, hemolysins), precipitins those which 
cause precipitation when mixed with the inciting soluble antigens 
(precipitinogens), while tropins (opsonins) 17 are antibodies that 
render cells susceptible to ingestion by leucocytes (phagocytosis). 
Conglutinin is a colloidal substance, occurring especially in beef 
serum, that combines with cells after they have absorbed antibody 
and complement, and enhances lysis and agglutination. 18 Bacteri- 
cidal substances other than those mentioned above and, contrariwise, 
active towards gram-positive bacteria are to be found in serum 
(/3-lysins) and in leucocyte extracts (leukins) ; these lysins are not 
increased by immunization. 19 

Antibodies produced with material taken from the animal selected 
for immunization, or from other individuals of the same species, are 
referred to as auto- or isoantibodies respectively. The expression 
passive immunization, in contrast to active immunization, signifies 
the temporary protection conferred upon an animal by the adminis- 
tration of immune sera. Reactions of an antibody with the corre- 
sponding antigen are said to be homologous, while heterologous reac- 
tions, known also as overlapping, cross or group reactions, are those 
taking place with substances other than the inciting antigen. 

Referring to the ability of antigens to induce a state of hypersen- 
sitivity and subsequently to produce the symptom-complex known 
as anaphylaxis the term anaphyfaefogen is in use. The anaphylactic 
state is induced by parenteral administration of a protein; to describe 
a typical experiment, after o.or cc 20 of ox serum has been injected 
into a guinea pig (and much smaller doses may be effective, as 
o.oooi cc or less), and an interval of io days or longer has elapsed, 
a second (intravenous) injection of, say, o.i cc produces shock and 
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kills the animal in a few minutes under characteristic and violent 
symptoms (choking, convulsions, dyspnoea) ; or, a rabbit previously 
sensitized would show intense local inflammatory and necrotic reac- 
tions on subcutaneous reinjection of the same antigen (Arthus phe- 
nomenon). Furthermore, anaphylactic reactions, rendered manifest 
by contraction of smooth muscle, can be elicited in isolated organs 
(uterus, intestine, etc.) of sensitized animals (SchuHz-Dale reac- 
tion). When anaphylactically sensitive animals are injected with a 
sufficient amount of antigen in such manner that they survive (suble- 
thal doses, subcutaneous injection), a temporary refractoriness to 
shock ensues (dcsensitization). The anaphylactic condition can be 
transferred with the serum of sensitized animals to normal ones 
(passive anaphylaxis) and, fundamentally, anaphylactic shock has 
the significance of an antigen-antibody reaction in vivo and can be 
used in place of a reaction in vitro. The opinion that anaphylactic 
reactions generally exhibit greater specificity than in vitro tests, 
would require confirmation. 81 

The terms allergen and atopen are used to connote the ability of 
certain materials to induce specific manifestations of hypersensitivity 
in man (hay fever, asthma), and the associated special antibodies 
in the serum of such patients are known as reagins, a name also 
given to some other agents occurring in semm (Wassermnnn reagins). 

Remarkably similar but hardly related to anaphylaxis are non' 
specific hemorrhagic reactions (Shwartzman phenomenon) which 
occur in a skin site injected with certain bacterial culture filtrates 
when a day later the S3mc or also certain other culture filtrates have 
been injected intravenously. 

Complement, complement FIXATION. — Lysis of red cells or 
bacteria by antisera requires the aid of a special agent, present in 
normal sera and not augmented upon immunization, which is called 
complement or alexin ” (Bordet (33)) ; the amount necessary varies 
inversely with that of the lytic antibody employed. It deteriorates 
si only on storing and is inactivated by heating, e.g., within half to 
one hour at 54-do°C rj Complement is readily taken up by various 
adsorbents and is inactivated by organic solvents, 84 sufficient con- 


53) 


"In mm 31 ra»rs the aruph>hxij opcrinirnt has promt of adnntjje (p 


( 3 ^ 


"The subject b presented it length by Os bom (30), Brosmsns (31I, Sachs 


* C! Eflrr. Til'emer and Kuefcn (34). As in denafuration of proteins th're {$ 
> critical temperature " \ Eckcr et ah (35). 
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centrations of salts, particularly those containing the anio'ns SCN 
and I , 23 and by oxidation (this being reversible , 28 if not too drastic), 
as some enzymes and bacterial toxins; it does not act in high dilution, 
unlike most antibodies. Because of the lability, of complement, unless 
immune sera are fresh (and not much diluted), fresh normal serum, 
usually taken from guinea pigs, must be added to the antibody solu- 
tions in order to produce lytic effects, the amount necessary depend- 
ing on the concentration of the antibody; or cells are allowed to 
absorb lytic antibody, are centrifuged off, and complement is added 
to these “sensitized” cells. 

Separation of setutu by dilution and slight acidification into two (tac- 
tions, both thermolahile — the one precipitated containing the euglobulin 
and called mid-piece, the other remaining in solution called end-piece — re- 
vealed a complex constitution of complement, the fractions alone being in- 
active but active when recombined (Ferrata (39)]. The existence of other 
more heat stable constituents has been shown, namely a third component 
which was indicated by inactivation upon treatment with yeast or zyrrtin, 27 
and a fourth component destructible by ammonia and certain other bases, 
announced by Gordon, Whitehead and Wormall (42). Pillemer, Seifter and 
Ecker (43, 44) suggest that the inactivation by ammonia involves the car- 
bonyl group of a carbohydrate. 

More detailed information on the substances associated with complement 
activity has accrued through important recent work of Pillemer, Ecker, 
Oncley and Cohn (44), who characterized by their electrophoretic be- 
havior two protein fractions, one a euglobulin amounting to 0.7^0 of the 
serum protein, the other, rich in catbohydrate, representing 0.2% of the 
total serum protein, which comprises the end-piece and the fourth com- 
ponent. 28 

Whether the activity of complement is enzymatic, as may well be sur- 
mised, or otherwise, and what its physiological function may be is still to 
be learned. A mutant strain of guinea pigs, deficient in complement activity, 
showed no evident abnormality in behavior but was less resistant to un- 


*® Gordon and Thompson (36). 

** v. Pillemer, Seifter and Ecker (37). Experiments by Bordet and Ehrlich on 
the question whether a serum contains several kinds of complement are reviewed 
v.,. c~»t. — _-n <•-<?•> . *«-- — istituents of complement are 

I]. 

Wormall (40), Pillemer and 


Ecker (41). 

"For mid-piece, end-piece, third and fourth component the symbols Ci, Cs, 
C3, C4, respectively, have been proposed ^Pillemer et a\. (45), Heidelberger 
( 46 ) 3 . 
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favorable living conditions; to which, of the components of complement the 
deficiency is referable was not definitely ascertained. 15 

The characteristic of complement to be bound 80 by the aggregates 
v (precipitates, sensitized cells) formed through the interaction of 
antigens and antibodies is the basis for a frequently used serological 
test. In this “complement fixation reaction,” introduced by Bordet 
and Gengou (50), antigen and antibody to be tested are mixed with 
fresh normal scrum and, after incubation, hemolytic immune serum 
and corresponding red cells arc added as indicator for the presence 
of complement. If an immunological reaction takes place in the 
first stage, complement is fixed and removed from the solution and 
hemolysis is prevented, completely or in part, according to the in- 
tensity of the reaction. In general, the reactions run parallel to pre- 
cipitin reactions but complement fixation, in certain cases, gives posi- 
tive results in the absence of visible precipitation. In the fixation 
tests the antibodies may react in considerable dilution. 

Because of the fixation phenomenon it is evident that precipidns pre- 
pared to a scrum will inactivate the complement contained therein inde- 
pendent of any special anticomplement, antisera against the separated com- 
plement constituents "have not been produced. 

The inhibition of bacteriolysins by an excess of bacteriolytic antibody 
(Neisser-Wcchsberg’s complement deviation) has been put down to pre- 
cipitation of dissohed antigen with consequent fixation of complement 
[Cay <5i).J 

Immunization — Prccipitins may be produced, against smtm proteins 
for Instance, by injecting rabbits intravenously three to tour times at weekly 
intervals with one or two cc. of serum, or daily with 01 cc followed by 
rest periods on alternate weeks. The serum is usually drawn 7-10 days 
after the last injection Similarly, hemagglutinins and hemolysins may be 
obtained upon injecting the washed celts of, say, two to three cc blood 
intravenously a few times at intervals of several days Various techniques 
for preparing prccipitins arc Risen in the texts of Sherwood {52), Kolmcr 
(S.l). and Boyd (54); the production of anti-bacterial and antitoxic sera 
is described in “Standard Methods” by Wadsworth ( ss> 


** v. Coca; Hyde; Whitehead ft ah (47) 

"Cf. Dean, Golth worths , (54) This ms established aho bv nitrosen amly- 
vs (llniMbenrrr fiG), v HawtmiU rt 3! <4$'] A study of the fixation of 
complement and its separate constituents by anltem-antibotiy combinations un- 
der various experimental conditions, and by adsorbents has been made by I\Ue- 
gmt, $eihcr and Trier (47). 
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To present a picture of the development of immunochemistry a 
list of significant steps is here appended. 

Hemagglutinins and hemolysins (1875), and bactericidal substances 
(1888-1889) in normal serum 
Discovery of bacterial toxins (1889) 

Antitoxins, and antibacterial sera (1890-1896) 

Demonstration of complement (1896) 

Antibodies for proteins and animal cells; serological species (and individ- 
ual) specificity (1898-1901) 

Chemically modified proteins as antigens (2902-1906) 

Reaction of syphilis sera with non-protein substances from tissues, extracted 
with alcohol (1907) 

Heterogenetic antigens (1911) 

Simple chemicals rendered antigenic by attachment to proteins (29x8) 
Separation from animal tissues of substances that are practically non-anti- 
genic but react specifically with antibodies (haptens) (1918-1921) 
Specific reactions of antibodies with simple chemical compounds (1920) 
Discovery of serologically reactive bacterial polysaccharides (2923) 
Systematic application of quantitative methods to antigen-antibody reac- 
tions (from 1929 on) 

Complex bacterial antigens containing polysaccharides and lipids (2934) 
Characterization of antibodies by physico-chemical methods (ultracentri- 
fugation and electrophoresis). Crystallization of diphtheria antitoxin 
(1936-W) 
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II 

THE SEROLOGICAL SPECIFICITY OF PROTEINS 

SrsciES sPF.anciTY. — While species specificity is a general at- 
tribute of plant proteins as well as those of animal origin, the princi- 
pal investigations on species differences of proteins have been made 
with prccipitins obtained by injecting animals, usually rabbits, with 
blood scrum from other species [TschistDvitch, Bordet (1)}. Owing 
to technical complications, tissue proteins have been much less thor- 
oughly examined, and, for the same reason, whole serum has been 
mostly employed instead of the use, however preferable, of purified 
scrum proteins. Nevertheless, in this way an important and general 
law was revealed by the work of several authors, especially Nuttall 
( ra) who tested the blood of more than 500 animal species with about 
30 immune sera prepared in rabbits.* The material at his disposal 
was scant in some instances and not always well preserved, and the 
tests could not be performed simultaneously, but his careful experi- 
ments were entirely sufficient to prove that immune sera act most 

* JmmuaJation of ebiclrn* I< wcommrodrd by Wolfe (ib). Ch prrdphia- 
preduclion in guinea pip and nt* v (ic*f). 
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intensely with the kind of serum used for the immunization and, in 
addition, with sera of related animals, the intensity of the reactions 
in general being in proportion to the degree of zoological relation* 
ship. 2 In consequence, it would be possible to outline broadly the 
genealogical tree of animals on the basis of serum reactions alone if 
the data were extensive enough. 

■For illustration, Nuttall’s reactions with two precipitins produced 
by injecting human serum are given in Table 2. They show that the 
intensity of precipitation diminishes in the order: anthropoid apes, 
Old World monkeys, American monkeys. The figures indicate the 


Table 2 


Immune Serum 
i 2 

Man 

100 

100 

Orang-Utan 

• 47 

80 

Cynocephalus mormon 

30 

• So 

Cercopithecus petaurista 

• 30 

So 

Ateles vellerosus 

22 

25 


volumes of the precipitates formed in the serum of the different 
species in comparison with the volume (100) of the precipitate with 
human serum. 

It will be in place to consider at this point the methods used in assessing 
the strength of precipitin reactions . 3 One procedure consists of the deter- 
mination of the highest dilutions (usually successively doubled) of antigen 
that precipitate with a given quantity of immune serum; the tests are made 
either by mixing the immune serum and the antigen solution, or as inter- 
facial reactions 4 (“ring test”) by overlayering the serum with the antigen 
solution in narrow tubes. These methods do not really measure the anti- 
body content B — this being obvious in the case of agglutinin reactions— 

" Cf. the reviews by Erhardt (2) and Boyden (3). For the most part mam- 
mals and birds have been examined (la), (4); (4 a ) (Bovidae and Cervicfae); 
(4b) (birds). Concerning lower animals v. (4), (5) (reptiles); (6) (amphib- 
ians); (7) (fishes), (8-10), (2) (crustaceans); (9), (11-1 2) (molluscs); (13) 
(worms); (p. 81) (insects). Wilhelm! (14) deduces from precipitin tests a rela- 
tionship between prochordates and echinoderms and, on the other hand, annelids 
and arthropods. 

"(15-18); (19) (weighing of precipitates); (20-23). Technical details are 
described by Kolmer (24), Boyd (513). . , 

"This procedure is useful for detecting weak reactions. Similar tests can be 
made with antigens solidified by gelatin. (See 24a.) 

* (16-18), (25-27)1 (36). Antigen titration is, however, of value for assess- < 
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ami sera of unlike potency, yielding quite different amounts of precipitate, 
may give the same end titer. (Indeed, when a serum is diluted several 
fold the antigen titer may remain undiminisbed.) 6 Incidentally, this shows, 
and it will become still more evident in the following, that an immune 
serum is not to be characterized, even apart from specificity differences, 
merely by the amount of antibodies which it contains. 

More rational is titration of a constant amount of antigen with increas- 
ing dilutions of antiserum to the point where no precipitation (or comple- 
ment fixation) is discernible 1 An ine.tpedience of this technique, namely, 
that ordinarily prccipilins cannot be much diluted, has been overcome by 
adsorbing the antigen to collodion particles or killed bacteria and conduct- 
ing the titration as an agglutination test.* Dilution titers of one part in sev- 
eral hundred are then obtained with potent sera and very weak precipitins 
can l>e detected. A highly sensitive method devised to magnify the reactions 
has been proposed by Goodner, in it collodion particles are added after the 
reagents have been mired (30). 

Frequently used for comparing the strength of precipitin sera is the 
method of optimal proportions recommended by Dean and Webb.® It de- 
termines in a scries of tubes containing a constant amount of immune 
scrum and increasing dilutions of antigen the one which first shows floccu- 
lation t0 The ratio of antigen and antibody in this tube, the optimal pro- 
portion, was found to be fairly independent of the antibody concentration 
used and therefore to be characteristic for a given serum. Often, not in- 
variably, 11 this ratio practically coincides with that at which both anti- 
body and antigen arc completely precipitated (equivalence point or zone) 
and are barely or not at all detectable in the supernatant fluid. Hence, 
broadly 'peaking, the greater the amount of antigen at the optimum, the 
higher w ill be the potency of the serum, the method being comparable to the 
titration of antitoxin by its capacity to neutralize toxin. Similar in princi- 
ple is the establishment of the equivalence point by directly locating the 
tube in the scries in which addition of neither antigen nor antibody to the 
supernatant fluid produces a precipitate. 1 * 

mg the content of an antigen, in sampfes of unknown composition, for instance 
as an aid during purification procedures. 

‘Satoh < 17) 

‘Kister et al . Culbertson (18). It is possible that the relative titers of t*o 
sera vjry alien determined with different antigen concentrations, if the reaction 
curve* arc not parallel throughout. 

‘Cannon et al . Lowell (aS). Roberts et al (*9). 

* ( v tr ). Ta>lor et al. (ja), v. Opie (yj), Boyd (91) (use for determination of 
species relationships) 

“The occurrence of several flocculation maxima is referable to a plurality of 
antigens Such observations arc described by Goldsworthy tnd Rudd (34) who 
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fcrcnces between the five proteins 15 and, consequently, the method 
must be in error in so far as a distinction is intended. 

In allied species the protein differences are often too minute to be 

Table 3 

{after Hoyden (41) and Satoh (17)] 
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To some degree this appears to be the case, and even application to 
undecided questions of taxonomy would seem possible. But, apart 
from the differences in the various quantitative methods which can 
lead to divergent results, it should be pointed out that immune sera 
vary in the range and strength of the cross reactions when produced 
in individuals of the same species, or obtained from the same animal 
at different times (p. MS)- 22 The significance of the results can be 
improved by employing a number of sera and by preparing immune 
sera for each of the antigens to be compared (41). The extent of 


cording to the protein selected. 

Among the factors which modify the quality of antibodies is the 
mode of immunization. The amount of antibody becomes greater on 
continued injection and, at the same time, there is an increase in 
the number and intensity of the reactions. That this is not always a 
qualitative difference was shown by Satoh (17) who, in examining 
several such sera rich in antibody, found that upon dilution the cross 
reactions ” diminished or disappeared and the diluted sera resem- 
bled in specificity those with low antibody content, a fact which may 
be taken advantage of in practical work [Kister et ah; v. (18) ]• 

It would seem that also the degree of relationship between the 
animal species furnishing the antigen and the one used for immuniza- 
tion has influence on the results. Thus, several authors concluded 
from tests with rabbit immune sera that rats and mice arc widely 
distant while dissimilar species of birds, like chicken, pigeon, goose, 
seemed closely related. 5 * Probably this is, so to speak, a case of 
faulty perspective, and the somewhat paradoxical results are to be 
explained in accordance with the principle illustrated by Uhlcnhulh's 
"cross immunization.” From this it may be understood why rabbit 
immune sera arc very useful for revealing dissimilarities in the pro- 
teins of other rodents, while in the case 0/ birds, if rabbit sera arc 
employed, the lesser differences may be hidden by the predominant 
structural similarities of bird proteins. 

The differentiation of mouse and of rat species has been attained — in 
keeping with morphological classification — by direct precipitin tests with 
“Manteufel and prjrer (6j). Levine and Moody (66). 

( 49 )»( 50 )»( 6 ;). 

-v. <6S), (69). 



1 REA.Cn° NS 

? cross ^ 

. . _ XtR” 3 * ir«C* \ 


. 25 and in ’ dlsl ‘ m cUon . 

bit «n*“**’ som ewbat s h ^ _ 4 (tom « ' 

etts, pet® t ken as elite proteins de repeat- 

flgffl dilution IS tn reactions oi specie^ ^(bodies 

ri*»! 
issigsss 

0 " a *«isiti» u ° 



SEROLOGICAL SPECIFICITY OF PROTEINS 


21 


For a long time it has been known that the crystals of various hemo- 
globins differ in shape, and Reichert and Brown (93) have carried 
out systematic investigations on hemoglobin crystals and found, in 
conformity with the serological results, that the shapes and angles 
are characteristic for each species, and that the differences stand in 
relation to the distance between the species in the zoological system ** 
The validity of these conclusions is unquestionable, even though the 
measurements cannot claim a high degree of accuracy, and the data 
are not detailed enough to estimate the errors in measurement or the 
degree of variation in individuals or species. Species differences of 
hemoglobins, furthermore, were established by other methods, c.g., 
absorption spectra 55 and solubility determinations. The latter in- 
vestigations 30 were based on the principle that the solubility of a 
given substance is not affected by the presence of other substances 
provided they do not react with each other. Accordingly, the solu- 
bility of one hemoglobin in a saturated, aqueous solution of another 
hemoglobin ought to be the same as in water, and preliminary' in- 
vestigations actually were in agreement with this expectation, except 
in the case of two closely related animals (horse-donkey) where the 
formation of mixed crystals can be assumed. Other animal proteins 
found to be more or less species specific arc muscle proteins, * T fibrin- 
ogen,” scromucoid (109), and the proteins of eggs” and of milk 
(15) [as ovomucoid (109), casein (rrz), (1x3)], and to these the 
tissue proteins, as yet incompletely investigated, will surely be 
added. 40 Thus from the mass of evidence one may derive with rea- 
sonable confidence the rule that proteins, with some exceptions per- 
haps, arc different even in related species, though the variations can 
be too small to be detected by present methods, a qualification of 
this statement being that it may not hold where relationships arc so 
dose as to make difficult a taxonomic distinction between species 
and varieties or races. Failure to find differences under some given 
conditions obviously cannot be treated as conclusive proof for the 
identity of proteins, as is sometimes alleged. 

In agreement w ith the general principle are the few electrophoretic experi- 
ments so far performed which showed a difference between the ovalbumins 


“With regard to tome mconstatncies v (94). 

"(9S-97)- On molecular weight, refractive index, v. (p. 6s), ($$), (99); 
on htmocyaninj (100). 

“landiteiner and Ifeidtlberger (ior) 

"<*5), ( 10 *), "(*5). (no), (in). 

* (tC4-to3). * v. (p. So) , Witebiky (114). 
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of chicken and goose and to a slight degree even between chicken and guinea 
hen (ns). That this method can be less sensitive than serological tests is 
seen from the fact that ovalbumins (chicken, turkey) which are readily 
distinguishable by precipitin tests showed little or no distinction in the 
electrophoresis apparatus of Tiselius. 

Some hemoglobins of unrelated mammals tested at a certain pH dis- 
played very similar electrophoretic mobility. Species differences in hemo- 
cyanins were found elcctrophoretically and with regard to isoelectric points 
by Pedersen (115a)* 


Keratins 41 and lens proteins are often cited as lacking species spe- 
cificity. It has been shown, however, that the keratins of wool and 
human hair, brought in solution by tbioglycolate (Goddard and 
Michaelis), can easily be differentiated in precipitin tests; 42 whether 
hair keratins of less distant species arc distinguishable is still to be 
investigated. The proteins of the optic lens are usually quoted as a 
prototype ever since Uhlenhuth (118) made the interesting observa- 
tion that precipitins prepared with the lens of one animal react with 
lens substances of most diverse origin. 43 But here also there are dif- 
ferences which may be considerable, as between mammals, birds and 
fish, and a higher differentiation is indicated by the difficulty in im- 
munizing or sensitizing animals with lens of their own kind. Accord- 
ing to Witebsky, 44 the similarity of the lens substances is attribut- 
able, in part at least, to the presence of a special common lipid, 
which masks existing protein differences. Such a condition was found 
by Witebsky and Stcinfeld with brain tissue (p. 81). In the latter 
case, species specificity of the proteins can be presumed because 
attempts to produce antibodies in rabbits with unaltered rabbit 
brain were unsuccessful, while antibodies were easily obtained with 
material from other species, which reacted with rabbit brain also 
(v.p. 2 os ): 46 

Marked overlapping reactions were observed with thyroglobulin, 49 
and it may be thought that the presence of thyroxine and diiodotyro- 


“ Several examinations of hair and dander were prompted by their role as 


lents of the 
tissues are 


described by Gotoh (125). 

44 (128); v. (129). 

,s (230); Landsteiner and van der Scheer (unpublished experiments}. 
‘"Hektoen et al. (131) 
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sine residues in all thyroglobulins increases the tendency for cross 
reactions.' 17 Definite species differences in keeping with the zoological 
relationships were demonstrated, however, by Stokingcr and Heidel* 
berger (134). 

Rather extensive investigations were carried out aimed at utiliz- 
ing serological reactions in the field of systematic botany, but the 
results have been controversial (140), owing to intrinsic difficulties 
and, in part, to the use by a group of workers of a probably fictitious 
method, namely tests with so-called “Kunstscra” (alleged to be artifi- 
cial antisera)/ 1 The conditions are less favorable with botanical 
material than in the investigation of animal proteins where the task 
was facilitated by the convenient use of whole blood scrum. Blood 
scrum, even when derived from various animal species, contains pro- 
teins of similar types, without other substances which seriously inter- 
fere with the reading of the specific reactions. On the other hand, in 
testing plant extracts trouble arises because of the nature of the 
material, which often consists of quite different sorts of proteins, 
along with other substances, as lipids, 60 organic acids, tannin, and the 
like, apt to cause errors through the formation of precipitates: for 
this reason the anaphylactic method may be advisable 5t For reliable 
conclusions it would seem best to compare purified proteins of the 
same chemical type, derived from different plants, and such tests, for 
instance, on prolamines of the wheat and corn group/ 2 and on leg- 
umes, gave results analogous to those obtained with animal proteins 
as to the parallelism of serological and systematic relationship. On 
the whole, this principle is borne out also by the work with crude 
plant extracts. 

Proteins within a species. — The diverge proteins in one 
species, different in their composition and chemical properties, in 
part discussed above, in general are quite different serologically,” 

"Trem experiments of Adint ct a! (133) and Snipper there ire (with 
materials Iron different species) no croup reactions between thvroefobulin and 
artificial iodoproteins (p 101) which aho contain dnodotj rosire fi 34 > 

** A review by Chester (1 u) pan a compilation of the voluminous literature. 
V.aho 1136-131)) 

fur). 

V. ( 14 ?), 

‘ (!4t>, (144) 

Lew it and Hells (i4<). 

“With respect to enzyme* with orjnn- or species specific activity, described 
by Abdei halden. which he outside the scope of this review, the reader is referred 

to (146). 
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and, in consequence, the serum reactions reveal a twofold specificity, 
that of the particular protein and, for each one, that of the species. 
In blood serum, the most thoroughly investigated material, a great 
variety of proteins has now been demonstrated B ‘ by the methods of 
fractional precipitation, electrophoresis and ultracentrifugation . 55 
Electrophoretic examination revealed in serum globulin three molecu- 
lar species, a, ft, y-globulins, further separable into euglohulin and 
pseudoglobulin fractions. From seemingly homogeneous crystallized 
serum albumin, two crystalline albumins have been isolated, one with 
much carbohydrate, the other practically carbohydrate-free, and the 
fraction not precipitated by half saturation with ammonium sulfate 
was found to contain a globulin (globoglycoid), seroglycoid and 
seromucoid (possibly related to seroglycoid), all rich in carbohy- 
drate, and a small amount of haemocuprein, a copper containing pro- 
tein; plasma contains in addition fibrinogen. 

Most of the proteins in this list, which is not complete and hardly 
final, M have been subjected to serological analysis. Serum globulin 
and albumin from one species behave like different antigens , 57 much 
more so than globulins or albumins, respectively, of closely related 
species which, as may be inferred from the data given above on whole 
sera, show a high degree of overlapping. Hence, it has been possible 
by means of precipitin tests to verify the questioned chemical in- 
dividuality of albumins and globulins and to disprove the reports on 
artificial preparation of globulin from albumin . 58 Besides, fibrinogen, 
three globulins , 53 two albumins, seromucoid, globoglycoid and sero* 


“v. Cohn (147). 

M It is not certain whether all fractions that have been separated are different 
chemical individuals in the sense of having a distinctive amino acid make-up, 
since differences can result from the state of aggregation or from association with 
proteins or other substances (lipids, fatty acids, etc.) fcf. Marrack (148) Went 

et al. (149), Tisehus (150)]. The distnb ’ 

various serum proteins b3S been examined 
(152) ; a and ^-globulins were found to 
hydrate) content than albumin and y-globulin. 

“Actually two special protein fractions present in serum in small quantities 
have been recognized by Ecfeer and Pillemer as components of complement 
(p. 43 S.). CL also (i 53 )» (2S4). „ 

" Leblanc (155), Michaelis (156), Dale and Hartley (iS?)r Doerr and Berger 
(158), Hektoen and Welker (159); (160-162), (6S)» 

“Fan coni; Hooker and Boyd (163). 

“Kendall (164); v Harris and Eagle (165). Because of the cross reactions 
of Kendall's sera, the differentiation had to be made with immune sera rendered 
more specific by absorption. According to Hewitt (t66)_ [v. (i 49 )J i * ie differ- 
ence in the properties of euglobulin and pseudoglobulin is not, as was once as- 
sumed (167) attributable merely to the high lipid content of the former. 
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glycoid have been shown to be serologically distinct.* 0 As for the 
differentiation of related species by antisera, the method of partial 
absorption is frequently used in this work. The question of actual 
cross reactions between various serum proteins, other than those due 
to imperfect purification, has been systematically investigated by 
Kendall [v. Haurowitz (170)). Likewise, in eggs* 1 and milk* 2 a 
number of different antigens were demonstrable.* 3 Casein, fraction* 
ated by chemical means, 61 was shown in the ultra centrifuge to con- 
sist of three components with the molecular weights of 98000, 188000 
and 375000, and the heterogeneity of casein could be established fur* 
thermore by electrophoretic examination which gave evidence of three 
components differing in phosphorus content {McJlander (180) J. The 
three fractions of different molecular weight were found to be dis- 
tinguishable by precipitin tests.* 3, 60 

Upon injection of - whole serum, antibodies for globulins and al- 
bumins are produced and can be separated by partial precipitation. 
In such an experiment, after addition of a sufficient amount of horse 
globulin to an anti-horse immune serum possessing prccipitins for 
both globulin and albumin, the supernatant fluid obtained by cen- 
trifuging no longer acted on globulin, though still with undiminished 
intensity on albumin. 87 These, and results of Harris and Eagle, and 
Kendall, with globulin fractions support the view that, whether free 
or associated," the serologically distinct proteins arc not artifacts 
resulting from the fractionation procedures ci — which is consonant 
with evidence from such mild separation methods as electrophoresis 
and ultracentrifugation. 

“Kelcwick, Cell and Yuitl (16S), limit (169) 

• C *' * * 4 I*-. '--:' *> — W— ' 

Or 1 *•'■■■ ■’ 1 ■ 1 ■ ' 5 

Urn .......... . . ... • -my livuiugcueous 

(Lo^ ■ : , . . . ■ _ 

■ • 1 ■ : ' (xS:a), (xSsb); 

tlup ■». : . ■ ■ >. 

Sorensen (183); v Reiner (rSja). 

*"TTiis is not contradicted by the finding of Man-act and Duff fi8^> that the 
mter-tnluhlc and insoluble fractions 0/ jrfobulin failed in completely exhausting 
* fr * prepared to whole globulin, their conclusion beirr tbit these fractions do 
not exist as luch in whole serum. 
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Animal proteins not yet considered, which have been examined 
serologically, are glucoproteins (p. 27), silk, 70 collagen, 71 ferritin 72 
and the pathological substances amyloid, 73 and Bence Jones proteins 
of which at least two varieties could be distinguished in serum tests. 74 
Other observations concern peculiar proteins in pathological condi- 
tions, two of them myeloma cases. 73 

A protein having the peculiar property of precipitating the C poly- 
saccharide of pneumococci was discovered by MacLeod and Avery 
(193) in the albumin fraction of sera of patients suffering from 
various infectious diseases (v. (193a)]. 

Tests for proteins in urine are mentioned in references 194-196, saliva in 

197. 

Proteins of worms are discussed by Campbell; 78 for immunity reactions 
to animal parasites the monographs by Taliaferro (204) and by Culbert- 
son (205) may be consulted. 

Evidence that constant serological properties characterize the proteins 
of a species has been obtained on so large a scale that one is naturally 
skeptical as to changes in their composition by external conditions. Dira's 
far-reaching claim that on administration of arginine, tyrosine, or histidine, 
serum proteins are formed which contain an increased proportion of these 
amino acids has been refuted, 77 and the assertions made regarding the 
modification of proteins by diverse diets or other environmental factors are 
not convincing in view of the inhomogeneity of the protein preparations 
examined, and are contradicted by experiments of Abderhalden and others 
(208). Likewise on technical grounds a number of reports on pathological 
changes are to be regarded as questionable 78 

Plant proteins. — Important work on plant proteins, using 
chiefly the anaphylaxis method, was carried out by Wells, O-bome 


n Silk antisera are obtainable, not easily, upon injecting silk broucbWnto solu- 
tion by means of HC 1 and adsorbed to charcoal (185). Fell (rS;a) injected su^ 
dissolved by lithium bromide; the sera produced are said to precipitate only after 
the tests have been kept for hours. 

^Loiseleur and Urbain (186). , , . . 

™ Micbaelis and Granick (xS6a). (Ferritin is spedes-spedfic but is identical 
in various organs.) 


‘ ' "-Jones and Wilson (1S9). . 

: .■ : • ■„ (190), Welker and Hektoen (191). 

Packaleo (192). . f 

w (19S); v. Taliaferro (199); (200-202). Precipitin tests with extracts or 
malaria parasites weie demonstrated by Dulaney and Rouse (203)- 
WLejpert and Loucoupoulos (206), Block (207). 
n v. (209), (209a). 
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and coworkers 23 with the idea of correlating serological and chem- 
ical properties. The investigations are of importance because of 
the careful purification of the substances tested, in which respect 
certain types of plant proteins offer especial advantages, such as 
ready crystallization (edestin and similar globulins), or the solu- 
bility in dilute alcohol characteristic of prolamines (gliadm, hordcin, 
zein). Quite a number of proteins, including globulins, legumins, 
prolamines and proteoses were examined. As with animals, proteins 
derived from the same plant (e.g., two sorts of globulins in legumi- 
nous seeds) could be differentiated, and distinct as well as overlap- 
ping reactions were observed with chemically similar proteins from 
various species.* 0 

In the search for the substances causing allergic symptoms in 
asthma and hay fever patients, fractions, mostly regarded as pro- 
teins, have been prepared from animal and plant materials,* 1 in 
particular from pollens,* 2 that were effective in clicitingskin reactions 
in allergic individuals. The protein nature of the active agents in 
pollens has been disputed mainly on account of the resistance to 
enzymatic digestion, 83 but discrepant results are on record. Abram- 
son and coworkers (220), who examined ragweed pollen extracts by 
electrophoresis, ultracentrifugation and diffusion, estimated the mo- 
lecular weight of the active components to be about 5000, and these 
authors and Rockwell (221) believe the substances to be polypep- 
tides, found by the latter workers to contain a large percentage 
of basic amino acids. Of interest but not yet explained arc observa- 
tions on skin reactivity, seemingly of low degree, to nucleic acids, 
nucleotides and purines, of individuals hypersensitive to ragweed M 

GLYCopaom.vs. — The low antigenic power of most mucoids 
and mucins makes it difficult to obtain immune sera, and the sera 
way give fallacious reactions because of antibodies formed to'con- 
taminating antigens of higher activity. Yet it has been possible, upon 
prolonged immunization, to secure antisera in a small proportion of 

’’fjio); Jones and Gersdorff fin) 

* "'■ ' • ■ * -- 7 ' - J - fjjujfnin from 

' . » ’ ■>' . • • ■ * <t alJercens (:nc) 

*. ■ .. .. ■ cf (114). (rtjii. 

■ 1 ‘ ■ i ■ « , ■ ■’ .. 0 (cross reaction! 

of fwltcns). 

" Kimmrn; Grtne and Coca; Rockneti. Harsh and Huber (319) 

Wiftkfnurrder rt al (23:), Sherman (aaaa) 
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the animals injected. 85 In Goodner's experiments with carefully 
purified preparations the reactions with beef chondrormicoid, beef 
submaxillary mucin and hog stomach mucin were specific but cross 
reactions occurred between ovomucin and ovomucoid; ovomucin gave 
better immunization results than the other glycoproteins. 88 

Apart from glycoproteins in the usual sense of the term, many 
proteins such as egg albumins and certain serum proteins 87 contain 
carbohydrates as part of the molecule and the idea has been ad’ 
vanccd, suggested evidently by the discovery of bacterial polysac- 
charides, that the specificity of proteins is determined by these car- 
bohydrates [Bierry et al. (228)]; in fact, Bierry claims to have 
found differences between the carbohydrates in serum proteins of 
various animal species. This hypothesis cannot be of general validity 
in view of the existence of species specific proteins which contain no 
carbohydrate, e.g., hemoglobin. Another point is that carbohydrates, 
apparently identical in structure, have been isolated from proteins 
of widely diverse origin. A carbohydrate, prepared from ovalbumin, 
was found to be made up from units containing one molecule of glu- 
cosamine and two of mannose, 83 and Rimington 89 obtained a poly- 
saccharide of the same composition from horse serum and ox serum 
proteins." This indicates the wide distribution of the substance and 
is an argument against the significance of carbohydrates for the 
species specificity of proteins. If it is true that only a few different 
ptosthetic carbohydrate groups exist in mucins, the same conclusion 
would hold for these glycoproteins 81 

It will be desirable at any rate to isolate and study the carbo- 
hydrates from the serum of a number of animal species in order to 
settle definitely the question of species differences in these substances. 
A certain serological significance of the carbohydrate groups in pro- 
teins is suggested by some overlapping between ovomucoid and sero- 
mucoid (109), and by experiments of Setfag and Seastone (240) in 


"'Elliott (223), Goodner (224); v. (225). 

“ On mucin of frog eggs v. Uhlenhuth and \Vunn_(226). _ . 

r A high proportion of carbohydrates was found in proteins of body fluids 01 
lower animals (227). (228). . „ . . 

“ Levene, Mon and Rothen (229), Hewitt (230); v. Neubergcr (231b Sorefl- 
sen (* 33 >* 

*• ’ ' V ' » -- -- j*. - *- tt — r.. ( 2 ;8)], the carbohydrate of horse 

proteins c ... and galactose, which were also 

recovered 

"(228); v. (239). ' t 
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crystallized crotoxin is contested by Ghosh and De who reported that 
'they were able to effect a partial separation of the hemolysin and the 
neurotoxin (253). 

Purification of another snake toxin, cobra venom, 93 yielded a prep- 
aration with 14.7% N and as much as $.$% S. The carbon content 
of 45 - 2 % is significantly low, but otherwise the substance has all 
distinctive protein properties. By the rate of dialysis through cello- 
phane membranes the molecular weight was estimated to be 2500- 
4000; if this is correct and the substance is antigenic, as might be 
supposed, the result would have importance in establishing that so 
low a molecular size suffices for antigenicity. A low molecular weight 
assigned to scarlet fever toxin (257) has been questioned (257a). 

Scorpion toxin was likewise found to have a high percentage of S 
(258) and bee poison is very rich in tryptophane (8$>). 99 Thus some 
of the analytical data seem to point to peculiarities in the chemical 
composition of toxins but, in general, the question is not definitely 
decided whether the activity of toxins depends merely on a special 
combination of the amino acids occurring in ordinary proteins, or 
whether there exist toxins whose reactivity is due to prosthetic groups 
‘of a different nature, as in some enzymes, e.g., riboflavin phosphoric 
acid in the .yellow respiratory enzyme. 100 

The above studies did not confirm the results of Faust who had claimed 
that venoms are saponins, but an N-free preparation, probably not uniform, 
has been described as the toxic constituent of Bothrops venom . 101 


Considerable progress has lately been made in. the isolation and 
chemical characterization of a bacterial toxin, 102 diphtheria toxin, 

..as lecithinase [Macfarlane et al.; van Heyningen (251)], and enzymatic activity 
has been suggested to explain the effect of toxins in general [Herbert and Todd 
(251a)]. Conversely, it has been conjectured that toxins may act by affecting 
enzymes in the body, actually, inhibition of an enzyme by venom was descswit-i 
by Chain (252). 

M Mich eel et al (254); v. (255), (256). Remarkable is the high content up 
to 5-6% of 2inc in venoms (256a). While toxins are, as a rule, heat labile, 
cobra venom was found to be practically unimpaired by heating in slightly acid 
solution for an hour in a water bath, and the heat resistance of the venom h3S 
been utilized for liberating it from the combination with antitoxin [Calmette, 
Morgenrotb (256b)]. Another exception is the relatively heat resistant toxin 01 
Cl. botulinum. See also (256c) (partial restitution of bacterial hemotoxms after 
'inactivation by heat). _ 

~( S ; 9) , "V. (260). 

101 Klobusitzky (261). 

501 See the review on bacterial toxins by Eaton (262). The early work on pu * 
fication of toxins is reviewed in (471). The preparation of bacterial toxins to 
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Among alterations of toxins by chemical agents, 109 the treatment 
with formaldehyde 110 is of practical importance since toxoids made 
in this manner (anatoxins) which are not toxic but still antigenic and 
reactive with immune sera — a behaviour ascribed by Ehrlich to 
blocking of special toxophore groups — are widely used for immuni- 
zation purposes. According to Vdluz (276) the reaction of trypto- 
phane groups with formaldehyde leading to ring closure is the signifi- 
cant chemical change in the transformation of toxins into atoxic prod- 
ucts. Carbon disulfide detoxicates tetanus toxin, not diphtheria toxin, 
the difference being ascribed to the absence of SH groups in the 
latter. 111 

Characteristic of certain toxins, e.g., hemolysins of streptococci, 
Cl. welchii, is the reversible inactivation by oxygen [Todd (280)]; 
the participation of SH groups in the process is discussed by Herbert 
and Todd (251a); (v. 467). 

In connection with the chemical data it should be noted that, apart from 
the production of multiple toxins, including hemotoxins and leucocidins, 
by a given bacterium, various strains of the same bacterial species may 
produce different toxins, e.g. streptococci, 1,2 Cl. botulinum, 115 C. diphthe* 
riae, m Cl. tetani, 115 Cl. welchii. 119 The existence of “toxons” with neuro- 
tropic affinity in diphtheria toxin is refuted by Prigge (286). A further 
instance of complexity is Forssman’s observation on hemotoxins of staphy- 
lococci having unlike effects on various sorts of erythrocytes. 111 

The reactions of toxins with immune sera are carried out as neu- 
tralization tests, or by precipitation as in the case of venoms and 
Ramon’s flocculation test (288) for diphtheria toxin and toxoid, 
which is used also for other toxins (scarlatina, dysentery, etc.). 118 
Cross tests with the limited choice of bacterial toxins have been made 


ia *v. (375), (S 99 ), ( 2755 ); (275b) (formation of toxoid by peptic digestion). 
The inactivation by acids is, under certain conditions, reversible (Morgenrotn, 
Loerr, Hallauer (275c)}. . , „ , r „ 

‘“Eaton (262), (276), Pappenheimer (26s), Hewitt (277), Haas (277^1 » v * 
(p. 46). On acetylation with ketene, treatment with phenyjisocyanale and iso- 
thiocyanates etc , v (278), (278a), (265). 
m (279 ).(*6S), v. (p. 48). 

*“( 2 So), (281). 

114 (282). 

1,4 Behnng; (383), (284). 

*“ {284a). 

( Sya) 

** Methods for the assay of antitoxins are presented in Otto and Hetsch (289). 
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rather to substantiate the general principle of antibody specificity, 
while venoms from numerous species have been examined m for 
overlapping reactions, since cross neutralization is desired in anti- 
venin therapy when, as frequently happens, the species of the attack* 
ing snake is not known. Sharp distinction was found between the 
venoms of the families Colubridae and Viperidae, which, however, 
is no proof of species differences in one type of protein, because the 
chief toxic agents of cobra venom and those of other Colubridae are 
neurotoxins, while in the venoms of Viperidae (Crotalus) hemor- 
rhagins are effective components. (In general, the secretion of a 
given species often contains several sorts of toxic substances such as 
neurotoxins, hemorrhagins, coagulins, hemolysins, and in different 
venoms these components are present in unlike proportions.) Never- 
theless, besides cross reactions of various degrees, true species differ- 
ences arc commonly found in corresponding toxins (e.g., neurotoxins, 
or hemotoxins) even of closely allied snakes. The investigations are 
not systematic enough to allow one to form an accurate opinion on 
the extent of parallelism between zoological and serological relation- 
ships — as is the rule with proteins and would be presumed for ven- 
oms too — but discrepancies have been recorded. 120 

An interesting specificity phenomenon is exhibited by bacterial 
hemolysins, namely their unequal activities when tested with various 
kinds of red cells. 131 In experiments of Netsscr and Wechsberg, and 
Todd, rabbit cells, for example, were found to be rather resistant to a 
lysinof B.mcgalherium but were readily hemolyzed bystaphylolysin; 
human blood was sensitive to mcgathcriolysin and little affected by 
staphylolysm (v. p. ja). 

Bacterial proteins. 133 — Although coaguhblc proteins were 
demonstrated in the “press juice" of bacteria long ago (Buchner 
( S 01 )1* chemical and serological work has been done to a large part 
on nuclcoprotcins, 1131 prominent constituents of bacteria and respon- 
sible, it is reasonably assumed, for their affinity, like that of cell 


v. VJ95J- 

"<*<}&), <JG7h (-*5;), (6co), (jqjj) (review) References on bacterial 
henwl>«ifw and bemapslutinin* {of low potency but perhaps of pathological sis- 
r.ificsncc) are quoted in (197b) ; v. (*9?c). On leucocidusa (Jeucoaptfuimins) v. 

on proteins of bacteria and ) casta and colds art pvtn Li Buchanan 
tt»! (jgS); v. (rg?), (300). 

**V. <32J), ( 307 ). 
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nuclei, for basic dyes. As regards the method of preparation, of im- 
portance for the properties of the products, the customary acid pre- 
cipitation of nucleoproteins from alkaline extracts has been replaced 
in recent studies by procedures designed to avoid alteration — grind- 
ing and extraction in the cold, 124 sonic disintegration, 125 enzymatic 
autolysis. 120 

While some of the preparations separated are considered to repre- 
sent salt-like combinations between proteins and nucleic acid [Zittle 
et al. (308)], evidence for more firmly bound nucleic acid has been 
produced. 127 In pneumococci nucleic acid of the ribose type has been 
identified by Thompson and Dubos (307); besides, thymonucleic 
add has been recognized in bacteria. 128 The protein portion of pneu- 
mococcus nucleoprotein was found to be probably of low molecular 
weight, not heat-coagulable, and deficient in aromatic amino acids 
(Thompson and Dubos). 129 

Detailed data which cannot well be summarized briefly have been 
recorded on the composition and serological properties of proteins 
and nucleoproteins, particularly of tubercle bacilli 130 and strepto- 
cocci, 131 including Lancefield’s type specific, weakly antigenic M- 
protein, characteristic of hemolytic streptococci of group A, which 
has been well purified and separated from its original combination 
with ribose nucleic acid [Zittle (310)]. As an illustration of the com- 
plicated conditions encountered, the fractionation of tubercle bacilli 
proteins by Menzel and Heidelberger may be cited (318). Despite 
careful fractionation the isolation of homogeneous proteins was not 
achieved with certainty; the presence of at least three antigenic com- 
ponents could be demonstrated. Corresponding fractions of avian 
tubercle and timothy-grass bacilli were serologically different from 
one another and from those of human or bovine strains, and proteins 
of human and bovine tubercle bacilli, too, were differentiable. 132 

The proteins of V. cholerae and other vibrios were investigated by 


m Heidelberger and Scherp (303); v. Macfadyen et al. (304). 

Mudd et'al. (305). 

1S * Nelson (306), Thompson and Dubos (307). 

Heidelberger (303), Sevag and Smolens (309). 

,JS v. Zittle (310). 

■”On complexes of nucleoproteins with carbohydrates in streptococci v. 
Heidelberger et al. (31 1). 

Seibert (312), Cogbill et al- (313)- , TT .. 

lw Lancefield (314), Sevag et al. (315) (601), Henriksen and Heidelberger 
(316), Mudd et al ; Zittle et al. (308), Stamp et al. (317)- 

Seibert (319); Schaefer (320). . - 
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ii; Linton and his colleagues 131 and Bruce White (322), and various 
jo- fractions were prepared, some characterized by solubility in acid al* 
p/ cohol. 151 Upon applying to vibrio proteins the method of racemiza- 
tion by alkali outlined below ip. 116), these organism;, could be das* 
iiiicd into two groups wind) were further subdivided on the basis of 
‘ | diversity of polysaccharides, giving six groups in all (Linton). Two 
j!r > sorts of curves were obtained by plotting optical rotation of the pro- 
jp' teins against time of treatment with alkali, and when the racemizcd 
proteins were hydrolyzed with acid, differences were observed; for 
„$» instance, from one type of proteins optically active leucine, and from 
the second optically inactive leucine, was recovered, while with glu- 
tjt tamic acid the result was reversed 

,i i* Further studies to be mentioned on the proteins of bacteria were 

^ conducted with staphylococci, 111 salmonella bacilli,' 10 Pact. cob’,” 7 
| C. diphtheriae ftzS), H pertussis 1329). Cl parabotulinum (330). 
The antigens of spores have not been examined chemically (331 ). 

t}~ Whereas in the work with toxins culture filtrates are commonly rm* 
j? % ployed, it has been ascertained in several instances, cither by producing 
./}' antitoxins with washed bacteria or by extraction, that these toxic proteins 
_i * arc ingredients of the cells ,J * 

j 

£- Substances which have attracted much attention on account of 
ftij their diagnostic usefulness arc certain proteins passing into culture 
to media, such as tuberculin, mallein. irichophyttn. 110 Numerous experi- 





ments have been carried out on the chemical nature of tuberculin 
which, induces specific systemic and skin reactions in tuberculous 
individuals and in animals infected with tubercle bacilli or treated, 
under certain conditions with killed bacilli 1,1 As stated by Seibert 
(336), tuberculin after removal of concomitant polysaccharide and 
nucleic acid is a mixture of proteins in which two practically homo* 


10 Mitten < t;i 1 (return » 

,M \ LiniNifiner and Lrvinc ( «.•»> L'«mg dilute or acidified dilute alcohol, 
protein* could be cat nctn! al*o from Salmonella focilh and other luefeni (Furih 
and Lmdunnrr (3.-4; llmcr While (jao Coidhj (ji6)J 
^ 1 6 or ) (tjpc-tprcihc protein 1 


0 » 3 »> '3V* 

i {protein conuimne a burn prnf*>rtion of banc amnn arids) 

I'ugse (33*1 faton (i 6 )i Mirtnn ft a! (un) 

Nmibrly other urcpvntio-* (ton (unci and oidu arc ttrptnj r»J (or »Jun 
tc«H mdemutiTwcovi p-uW'rrrrr t M31 Jnh‘'ohn et *1 (.mu-v (t}U»U 
‘"Th- htrfature t« reviewed b) Stibcrt |Tbc chcrniitry of Hie protein* of the 
acid fa»l bacilli (312)] 

“* J'rirotl et at , Siou, Frond ft al VtihiS (jjj). 
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geneous active fractions, of different electrophoretic mobilities, with 
the molecular weights of 16000 and 32000 could be identified. 142 The 
same author has described active proteins of still smaller molecular 
size, capable of inhibiting the precipitin reactions of tubercle bacillus 
protein. The substances having higher molecular weight were an- 
tigenic, engendering precipitins; those of small molecular size could 
be rendered antigenic by adsorption to aluminum hydroxide or char- 
coal. 143 

Concerning the species specificity of bacterial proteins the occur- 
rence of cross reactions between kindred and even distantly related 
bacteria should be pointed out. Examples arc the cross reactions of 
the proteins of gonococci, meningococci and N. catarrhalis, their re- 
activity with anti-pneumococcus sera, 141 and overlapping reactions 
within the salmonella group. 143 

Mention may finally be made of precipitin reactions observed by Lack- 
mann, Mudd et al. ( 34 *) of pneumococcus sera with nucleic acids. These 
reactions did not take place with normal sera and rarely with immune 
sera other than those to pneumococci. It could not be determined that 
the globulin in the antiserum which gives the reaction is formed as a re- 
sponse to the injected pneumococcus nucleoprotein. The reactions were in- 
hibited by purines; in the sensitivity to changes in ionic strength they 
differed from common precipitin reactions. 

Hormones. — Those hormones that are proteins, either simple or, 
like prolan, which contain active prosthetic groups, would by pre- 
sumption be endowed with antigenic capacity, as are proteins in gen- 
eral. A contrary opinion was offered on hypothetical grounds (34 2 )> 
and in some instances antibodies observable by reactions in vitro, 
after injection of hormonal preparations, have probably been mis- 
taken for antibodies to hormones while actually directed towards 
admixed tissue antigens. Precipitins for thyroglobulin were prepared 
and thoroughly studied by Stokinger and Heidelberger (343)1 w ^° 
established the composition of the precipitates through iodine deter- 
minations and characterized the precipitin reactions of thyroglobulin 
by the unusually low antigen-antibody ratios, owing to the high mo- 

,u Seibert, Pedersen and Tiselius; (336). Two fractions of tubercidin, one 
producing systemic, the second skin reactions, haye been described by wasen- 
mann (337) ; v. Dorset et al. (338). 

*“ Seibert; (339)- 

1M Boor and Miller (340). 

*“ <324). ( 306 ). 
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Iccular weight of the antigen. The reports on insulin, ,<a including 
anaphylactic experiments m and instances of human allergy, leave 
not much doubt as regards antigenic capacity, although, fortunately 
for therapeutic use, of rather low degree. It may be speculated that 
if large portions of the molecule, responsible for the biological ac- 
tivity, were much alike in the insulins of various species this could 
tend to reduce species specificity, as reported by Lewis, and at the 
same time antigenicity. The experiments of Wasserman and co- 
workers hardly constitute stringent proof of the identity of insulins 
derived from various species. 

After continued administration of various hormones neutralizing 
agents can appear in the scrum for which the term “anti-hormones" 
has been adopted. This was well shown in the original experiments 
of Collip and Anderson (348) who in this way induced a resistance in 
rats to thyrotropic hormone; the sera of these animals and of a treated 
horse inhibited the action of the hormone in tests otijhypophysecto- 
mized and normal rats. The anti-hormones developed to thyrotropic 
and gonadotropic hormones, both high molecular substances, are the 
best studied instances; in cross tests these anti-hormones were seen to 
exhibit specificity. 

The moot question in this line of research — supposing the mech- 
anism is always the same — is whether the neutralizing substances 
found in the serum arc antibodies in the serological sense or, accord- 
ing to Collip's theory, antagonistic hormones present in small amounts 
also in normal animals. The subject and the literature have been 
critically discussed by this author and by Thompson.” 5 In favor of 
the antibody theory is the fact that neutralizing sera have not been 
reliably demonstrated against low-molccular hormones, c.g. adrenalin 
or cstrin (v. p. iSt), and of similar import arc observations on the 
species specificity of anti-hormones including frequent failures to 
produce anti-hormones with homologous preparations. Thus Zondek 
and Sulman remark, “antiprolan is exclusively elaborated after a type 
of prolan foreign to the species has been administered.” u * Divergent 
results, however, were obtained by some investigators. The most 


*“ v - rrorw by Hsilro and Water (344) (jnvtj reference* cn human allergy 
to insulin, other hormones anJ cnrjne preparations) , VVisjonun rr al (345); 
Ya’ufu. Lowell f.wcj) (report on reutralmnff aniibodifi) Immune sera pro- 
djcetl with conjugate* of jnjulm arc mentioned on p 6i 
( 44 Tb 

(JPK v. (jji). 

***. <SSs>. 
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definite evidence should come from the chemical identification of 
anti-hormones, and in studies along this line the antithyrotropic and 
antigonadotropic principles were recovered, like antibodies, in globulin 
fractions of the sera (Thompson; Harington et ah, 1 '° Zondek et 
al. 131 ), the latter group of workers noting differences between anti- 
prolan and the common run of antibodies. 

The presence of precipitins or complement fixing antibodies along ' 
with the neutralizing principle does not necessarily bear directly upon 
the problem, since in several cases they were found to be not con- 
nected with the neutralizing property and to depend possibly upon 
protein contaminants (355-357). 

Enzymes. — As can be gathered from older reviews, 132 despite re- 
peated assertions of the existence of anti-enzymes, 131 much of the 
evidence, derived largely from neutralization tests, was regarded as 
dubious. The suspicion prevailed that immune sera which were in- 
duced by and gave precipitin reactions with impure enzyme solutions 
were reacting not on the enzymes themselves but on accompanying 
proteins, and that reduction of enzymatic activity was brought about 
by unspecific adsorption to the precipitates. With the discovery of 
crystalline enzymes (Sumner, Northrop, Kunitz, etc.) the situation 
was changed. Not only was the antigenic material thereby made avail- 
able in higher concentration and much superior in purity, permitting 
precipitin reactions in the virtual absence of contaminations — pre- 
viously only neutralization tests had seemed appropriate — but the 
conclusion, now widely accepted, that many enzymes are proteins 
made the existence of anti-enzymes seem highly probable. 

Indeed, precipitating immune sera have been prepared or ana- 
phylaxis tests performed with the following crystalline enzymes: 
urease, 154 pepsin, pepsinogen, 155 trypsin, chymotrypsin/ chymotryp- 
sinogen (the last three differentiable from each other 15C ), catalase/ ,5 ‘ 

;<3S3)- , , 

(354). v- (3SS)- 

•“Wells (358), Pick and Silberstein (359). 

164 v. (360-364). , , 

104 Kirch and Sumner (365), FiHemer, Ecker ct al. (360). _ . 

““Northrop, Seastone et al. (367). The reactions had to be carried out with 
alkali-denatured pepsin The one-sided cross reaction between pepsin and pep- 
sinogen is to be noted. 

•“TenBroeck (36S). . 

•"Campbell et al (369), Tria (369a). On anti-hyaluronidasc v. (370;; on 
anti-papain (371). Haas (372) reported precipitation and neutralization of papain 
by immune sera 
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and ribonuclease ,w Species specificity was demonstrated with pep- 
sin. pep-inogen and trypsin. It is perhaps of somewhat lower order 
than that of «ertim proteins (367), yet TenBrocck was able in ana- 
phylaxis tests with sensitized uteri to distinguish pig and beef trypsin. 

For the demonstration of species differences between gastric enzjTnes, 
the actmn on synthetic pt prides as substrates has been utilized by Fruton 
and Hcriimann (373). 

With v elfmv enzyme Vartervsz and Kestytis {*74) failed to produce any 
«.'*rt of antibodies This result alone is hardly sufficient for their inference 
that the protein part of the enzyme is the same in ill animals 

Cnriouriy. and in striking distinction to antitoxins, antibodies for 
enzymes often do not neutralize the biological activity of the antigens. 
This was again fount! to be true in a recent study by Adams (374a) 
on prccipitins for tyrosinase from mushrooms. A positive instance is 
the inhibition of lecithinasc activity by antivenin. 18 * Antiurease par- 
tially inhibits the decomposition of urea by the enzjonc, but this is 
ascribed (Kirk and Sumner) mainly to the decrease in dispersion 
since the uroa'c precipitates still retain most of the original ac- 
tivity un Whether antisera neutralize pepsin is doubtful, and catalase 
is practically unimpaired when mixed with anti-catalase which was 
taken to indicate that the at me prosthetic groups of the enzyme — 
two molecules of bemntin jkt molecule of catalase and another un- 
identified group — are not directly involved in the antigen-antibody 
Combination Thus the criticism about the early work was not wholly 
unjustified ns regards neutralizing antibodies, but the conclusion of 
scry weak or wanting antigenicity of enzymes is not warranted in 
view of the formation of precipitins which, from the accumulated 
evidence, cannot be attributed to contaminants even though crystal- 
lization of an enzyme is not a rigorous proof of purify 

Immune «rra marie /nr the rhrombophslic lipoprotein from lung did not 
uniMatr Us ougultting activity (375a). 

• -.-.i-i'rn* an ,J kriii* / 

** XJurcrnroih # x;ci \ f:s*i 

“If rit ur’inn i*r« nt»inn «f trains as iumcciic is iat.cn literally, 

»**( nr v *i.5t 1*’ ip> lii *■ I ’!>'• iiumM of urrue however m caused lit the de. 
to~{Vi»ei/m of e»n n ih- M.*.vt an,} e arts wuheu? an mailnttno prtiM Orel* 
rr< si'ir’i lave but I 'tie «rrj n ih<- t)lo>! arc rr»ts!vrti In urease |i«* lutrurb 
» 1 "" fi* ni tv if urn •* mr-tinj at the 4i*~e nme fv '■u-rner ( i;fi* | .^Rijorease 
jirolrrlf jr.-ruts aeiext the writ action of the enzyme 
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Viruses. 161 — From the evidence at present available, viruses can 
be put into two groups according to their chemical composition, those 
that have been separated in the form of crystalline or paracrystalline 
nucleoproteins of very large molecular size, as tobacco mosaic and 
other plant viruses, and composite viruses represented by the ele- 
mentary bodies of vaccinia which have been found to contain pro- 
teins, thymonucleic acid, fat, lipids, riboflavin, biotin and a copper 
constituent . 102 Consequently, antibodies to the former group should 
be similar to other antiproteins while the latter, like bacteria or ani- 
mal cells, may engender immune sera of greatereomplexity. 

The serological reactions of viruses include neutralization tests in 
vivo, agglutination or precipitation, and complement fixation . 103 In 
precipitin tests the viruses with elongated, rod-shaped particles, e.g., 
tobacco mosaic virus, rapidly form voluminous precipitates, the less 
elongated ones densely packed 'precipitates, a difference similar to 
that between the agglutination of motile and non-motile bacteria 
(380). 

The small amounts of virus which may be contained in infected tissues 
prompted Merrill (3S7) to estimate the number of particles of various 
sizes necessary for visible agglutination or precipitation and for the pro- 
duction of antibodies. From experimental data, about o.oox mg. per cc. 
would be needed for perceptible aggregation, comprising for example die 
following number of particles, which clearly increases as the particle size 
diminishes: red blood cells 4 x 10 5 , B. paratyphos. 4 x 10 7 , vaccinia virus 

7.7 x 10 s , poliomyelitis varus 1.9 x xo 12 (calculated value), ovalbumin 

1.8 x io 1! . ^ 

The given figures indicate that with some of the smallest viruses, such ' 

as poliomyelitis virus, it is difficult to produce agglutination or precipitation 
reactions (378), and the foremost technical task in this sort of work is the 
concentration of the viruses and purification from host material. 

The specificity of the reactions is such that directly or by absorp- 
tion tests even various strains of the same virus (tobacco mosaic, in* 

’ • f *' • * — »... ^377), Craigie 

, . . ■ ■ ■ ; bester (38*)* 

■. ■ ,s of bacteri- 

, ' . ... ic activity of 

various bacteriophages. 

Holland, Ward, Smadel and Rivers (3S4). The presence of several en- 
zymes in the elementary bodies may be due to adsorpri° n the host tissues, 
the report on a specific polysaccharide (384a) is unconfirmed. , 

J “ With tobacco mosaic virus anaphylaxis tests by the Schultz-Pale met noa 
were unsuccessful, but typical responses were secured upon intravenous injection 
fv. Seastone et a!. (385)3. 
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fluenza virus, bacteriophages, etc.) can be differentiated, and on the 
other hand by cross tests unsuspected relationships between viruses 
have been disclosed. An example of serological relations as revealed 
by cross absorption is reproduced in the following table from Bairden 
and Piric m where the letters designate “antigenic fractions.” 
Tobacco mosaic virus A, B 

Aucuba mosaic virus A, B, C 

Enation mosaic virus A, C, D 

{Concerning the interpretation of such results, the S3mc remarks apply 
as those made in connection with other cross reactions (p. 114).] 

A correlation Is indicated between amino acid composition and 
serological relationship by experiments of Knight and Stanley (388a). 
Tims, tobacco mosaic and aucuba mosaic viruses arc similar in both 
respects, whereas cucumber viruses {3 and 4 ) and the rib-grass strain 
of tobacco mosaic virus differ considerably from these serologically 
and in chemical composition, particularly in tryptophane and phenyl- 
alanine content; the latter virus deviates also in its content of his- 
tidine, tyrosine and sulfur. Some chemical differences — viz. in the 
proportion of arginine — were later found between serologically 
related strains, 

Knzjmitic removal of nucleic acid apparently does not change the pre- 
cipitin reaction of tobacco mosaic \irus (386) 

In the group of “complex” viruses, vaccinia virus has been most 
thoroughly examined as regards immunological properties It has 
been found to contain a specific protein molecule displaying two sero- 
logical properties, one easily destroyed by heating, the other more 
heat resistant; in addition, an antigenic nudeoprotcin was detected 
In the virus. Both these antigens contribute to the aggiuiinabie prop- 
erty of the virus and give precipitin and complement fixation reac- 
tions when dissolved Besides, there is possibly another agglutinogen 
as well as an antigen eliciting neutralizing antibodies.'” Soluble 
specific substances have likewise been detected in other viruses such 
as those of infectious myxomatosis (which were demonstrable also 
In the sera of dbe.vcd animals),'** lymphocytic choriomeningitis,'* 7 
am! in bacteriophages,'** 

~fr55) * fjs 0 ) 

"■?hcdlm»l>. Snjrfcl RJirn. IIwRbnd (jjj), (j?a). 

*“Rnm and Ward 
SmxdtWt »t CnO. 
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The possibility that a precipitable substance in the serum of mon- 
keys infected with yellow fever virus is derived from the altered 
tissues of the host is suggested by Hughes (393). 


CHEMICALLY MODIFIED PROTEINS 


Denaturation. — The immunological behavior of proteins is af- 
fected in different ways by chemical alterations. Apparently the first 
artificial modification of antigens to have been studied was a process 
peculiar to proteins, namely dcnaturation. ,w This, most conveniently 
carried out by heating of protein solutions, has a definite influence 
on serological properties. 

Although loss of solubility 170 is the most conspicuous effect, de- 
naturation cannot be considered merely as a "physical" modification 
since chemical differences have been detected between native and 
denatured protein, in particular liberation of SH and other reducing 
groups. 171 A final theory of denaturation has not yet been reached; 
according to prevalent views there occurs breakage of relatively un- 
stable bonds that hold the peptide chains of the protein molecule in 
a fixed spatial configuration, followed by an irregular rearrangement 
through the formation of new bonds. 1 72 The nature of the linkages 
involved (hydrogen bonds according to Mirsky and Pauling, salt 
linkages) is still under discussion [v. (401)]- 

The published results of precipitin and anaphylaxis tests with de- 
natured proteins m vary in details, presumably owing to differences 
in the preparation of the antigens and the individual antisera, yet 
most investigators agree upon the marked serological difference be- 
tween native and denatured protein, remarkable since the funda- 
mental "peptide structure" is supposed not to be affected in the proc- 
ess. Antisera to native protein, in general, react much less, if at all, 
with the denatured products; in the reverse procedure cross reactions 
have been observed by several investigators. 


,w A presentation of the subject is given by Anson (394). ,, r 

When solutions of protein are heated above a certain temperature at neatly 
alkaline reaction, they temam clear but the protein has become insoluble at tfte 
isoelectric point and mil coagulate upon slight acidification; at a proper pH, 
therefore, heat coagulation occurs directly, as if in a single step. 

* n v. (395), ( 53 1 > , 

”*Wu ( 39 &L Musky and Pauhng (397), v. (39S-400). ., . 

” A summary is given by Hartley (40a ) ; Wu, TcnBroeck et a!.; Schmidt, a 

On changes m immunological properties by irradiation studied with a view to 
the therapeutic use of foreign protein v. Henry ( 4 * 3 a )- 
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In experiments of the author (414) immune sera were produced by 
means of heat-coagulated crystalline ovalbumins or horse serum albumin, 
which, despite the insolubility of the injection material, succeeded without 
difficulty even though definite reduction of antigenic activity was noted. 
These sera were tested against both the native and a solution of denatured 
protein and compared with antisera for the native protein. The anti- 
"deoatured” immune serum precipitated the denatured and scarcely the 
native protein, while the anti- “native” immune sera reacted weakly also 
with denatured ovalbumin, 1 ’* and this was not attributable to reversal or 
to remnants of denatured albumin in the native antigen used for immuniza- 
tion. Restitution of the original serological properties on reversal of dc- 
naturation was described by Spiegel-Adolf. nJ 

Horse serum albumin after denaturation by urea and seeming reversion 
to the undenatured state showed its antigenicity to be still greatly reduced 
but its specificity to be not different from the native protein (Xeurath 
et al.). 

A moderate decrease in species specificity upon denaturation has 
frequently been observed. An experiment is reproduced in Tabic 6 

Table 6 — PurctriTATiov or Various An net vs by as Immune Serum tor 
Horse Serum Denatured by Hydrochloric Acid (Mammalian Reaction) 
[after Landsteincr and Priselc (407 >1 

(01 cc antigen diluted 1 roo, 005 cc Immune «crum, in narrow tubes Reading 
after r hour at room temperature ) 


Sera 

Hone 

0* 

Mm 

Chicken 

Rabbit* 

Unaltered 

:fc 

0 

0 

0 

0 

Healed 

± 

0 

0 

0 

0 

Trealed with hydrochloric aad 

4-4- 

4- 

4- 

0 

0 


(In this and the following tables tncmdng degree* of precipitation are e*prt*«ed by 
the symbols 0, £ (tract), ±. 4-, 4-dt, +4-, etc ) 

• Tbt relatively lowtr capacity cl altered protein cf »n animat to read with Immune 
»rra produced In the sane ipedea It a c«enJ rule 

which show's that an immune serum made against acid albumin from 
horse serum reacted distinctly with the corresponding preparations 
from other mammalian sera (bovine and human), though not with 

'”v (410L (415) In teMj made bv JJjwdro and KIeeAow‘1} (ejR) in- 
hotted *cnsm globulin inhibited the precipitation of heated glolmbn l»y an'itenrn 
mde mlh (he Jitter The reaiona (or the difference tn precipitin reaction* of na- 
tive md boated protein ire di*ni«ed hv (hrte worker* It may be of canoe 
in lbi« connect ion that (he difference t>rt»em uni beret! and denatured protein* 
m not d-menstrab’e in film reactions of protein* (p 57). 

cf Miller, HrwiM (416). Neurath ct al (417) 
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chicken acid albumin. So far, a second manifestation of diminished 
species specificity, namely the production of antibodies following 
injection of altered protein of the same species, has not been described 
for acid albumin; but Furth found that when rabbits were injected 
with heated ox serum, some of the antisera reacted not only with 
heated sera of other mammals, but weakly with heatdd rabbit serum 
also (Table 7); and Uwazumi (412), immunizing rabbits with rabbit 
serum heated to 120°, obtained antisera which precipitated similarly 
treated serum proteins of this and various other mammalian species. 

Table 7- — Precipitation of Various Native and Heated Seim by an Immune 
Serum for Ox Serum heated to ioo°C (Mammalian Reaction) 
(Dilution of the Anticens 1:1000) 

[after Furth (410)] 


Sera 

Ox 

Sheep 

Horse 

Man 

Rabbit 

Guinea 

Pig 

Heated 

4.4.4. 

+++ 


4.4. 

+ 

± 

Unheatcd 

+++ 

++ 

0 

0 

0 

0 


In a recent study (414) immune sera for denatured horse globulin 
gave no exceptional cross reactions, and sera prepared with coagu- 
lated ovalbumin, while giving stronger cross reactions with denatured 
heterologous ovalbumins than those for native ovalbumin, still dif- 
ferentiated the proteins of kindred species (chicken, guinea hen, etc.) 
and showed sharp specificity upon absorption with heterologous 
antigens, disproving again the recurring assertions in the literature 
that denatured proteins are devoid of specific properties [v. (4 x 7 a )» 
(4i7h)]. , 

Hydrolytic agents. — Treatment with hydrolytic agents, as di- 
gestive enzymes, alkalis 178 or acids, apart from primary denaturation 
effects, decreases or destroys the antigenic activity, alkalis being 
more effective than acids. 177 As found by Johnson and Wormall, 
serum albumin loses its reactivity with precipitins within 24 hours if 
kept at pH r3 and a temperature of rg° C. and, under similar condi- 
tions, it loses its immunizing capacity, for reasons not fully under- 
stood, although protein of high molecular weight is still present in 
the solutions. 

' Dakin explained the loss of antigenicity following treatment with 

m Dakin (418), TenBroecfc (419), Landsteiner and Barron (420), Johnson 
and Wormall (421). 

. ’”v. (402). 
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alkali by the resistance of raccmizcd protains to proteolytic enzymes 
so that after injection into animals they arc eliminated in the urine 
unchanged. According to Lin, \Yu and Chen (425), however, pro- 
teins treated with alkali are not completely resistant to digestion. It 
might also be held that upon treating proteins with alkali, structures 
of importance for the antigenic function are destroyed, as it is not 
known what constitutional features of proteins determine their im- 
munizing activity The existence of protein derivatives (acyhtcd 
proteins) resistant to pepsm and trypsin, yet antigenic, does not rule 
out Dakin’s suggestion since these antigens might be attacked by 
enzymes in the animal body ; it is of greater significance, as Hartley 
(402 ) pointed out, that antigenic activity is markedly reduced by 
alkali even before raccntiuuion has become complete, and that the 
antigenic capacity of proteins altered by alkali is restored, to some 
degree, by nitration or iodmation 173 
PnoTfOsts. — The products of hydrolytic cleavage of proteins 
have been repeatedly examined for immunological activity . 1 ' 0 The 
want of methods for separating proteoses as chemical individuals is 
certainly among the reasons for the vagueness of our knowledge in 
this field. Amino adds or small peptides, -the ultimate products of hy- 
drolysis by enzymes, acids or alkalis, arc inactive as antigens tM and 
by and large the attempts at producing antibodies for proteoses have 
given unsatisfactory results .*' 5 Still, in a number of instances m 
anaphylaxis and formation of antibodies could be induced, for in- 
stance w ith peptic hctiToproteo<cs adsorbed to charcoal The hctcro- 
protco'e antisera reacted with the proteose used for immunization, 
with peptic “metaprotein,” and to some extent with the original pro- 
tein, and cross tests showed species specificity Anaphylactic sensiti- 
zation was attained in more recent experiments with proteoses made 
from various sources **• Furthermore, there are reports on sensitiza- 
tion of human beings to protects (albumOStt) occurring after ad* 
ministration of bacterial culture fluid* Ml 

"(Wnli"M to JlAis » traeluMons hixr Ix-cn raju-d In’ KoVr (a: I, % 
<*.*$), ** <i:ol. (4H ) 

**' I mV Ui&l WftU Ttcl. and Ihttlrv (40:1 

iMontu-'se »v thresi finer tor v»pSa tactic »tn*i!ii«ion t>y a ivntkriK 
p-ptwi* fAt.^rhjJVa Uz*>? Tfcr rt^xu^T.'t r-'i {•fw'urtio'i ct tpeerte <n> 
try-e-f* t>\ iijffti <n et (v 4:" ate t-re l* ft 04,* cf st-c r>y-l 

** \ ♦’'1 cis* of <J exited ixjion <4r<j> i< to ctrsV until 

i*. b sho** «h»s Or artiVv* n *rtt txi tosanS the *JJrd trJttrr. 
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Even short peptic digestion has been seen to destroy the capacity 
to react with precipitins for the unaltered protein at a time when the 
solution yet contained coagulable material ; antisera obtained by in- 
jection of peptic metaprotein precipitated also the unaltered pro- 
tein. 186 In experiments of Holiday (437) precipitability was still 
apparent after 5 minutes’ digestion but was lost in 30 minutes, the 
solution then partially inhibiting 187 the precipitation of the unaltered 
serum albumin (v. p. 196). 

Plastein. — Loss of specificity was supposed to occur in the for- 
mation of so-called plasteins which have been described as proteins 
arising from proteoses by enzymatic synthesis. 189 Plasteins were re- 
ported to be serologically alike when the albumoses used were derived 
from entirely different sources. 189 This result is difficult to understand 
because synthesis starting from different albumoses would hardly be 
expected to yield such similar products. An explanation may exist 
in the serological work of Flosdorf, Mudd et al. (442) which led them 
to believe that the antigenicity of plastein is due to enzymes present 
in the preparations (besides traces of denatured protein) rather than 
to the synthesis of an antigen. The actual nature of plasteins is still 
debated. Against the conclusion that plasteins are synthesized pro- 
teins, are determinations by Folley in the ultracentrifuge which 
pointed to a molecular weight of not more than 1000, while experi- 
ments by Collier, who criticizes this result, were interpreted as favor- 
ing the hypothesis of enzymatic synthesis, although his product was 
not a typical protein. At any rate, the anaphylactic experiments of 
Collier showed a very slight degree of antigenicity at best, in practical 
agreement with Flosdorf. 190 

Treatment with formaldehyde, benzaldehyde, ninhydrin. 
— An example of a chemical change with relatively smalL effect on an- 
tigenic properties is the treatment of proteins with formaldehyde, a 
fact which is made use of in immunization against toxins (v. p. 3 2 ) 
and some viruses. The reaction is more complicated than simply the 
formation of methylene compounds of the type CFL^N— CHR" 
CO — , as has been assumed; in any event free amino groups are 
blocked, chiefly the e-NH 2 in the lysin, in addition to changes in other 
groups such as indol nuclei and imidazol rings. 191 In part the reaction 

,m < 435L <436\ y <4321. <47i> ftrvptic digestion) 

1,! For these inhibition reactions v. (p. 1S2). 

’*v (438-440). 

,w Knaffl-Lcnz and Pick (441 j. 

(443-445)- 


1,1 (446-453) 
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is reversible, which has been shown also by the reactivation of for- 
molizcd tobacco mosaic virus. 

On testing formoHzcd scrum proteins the writer found no pro- 
nounced change in specificity in the ordinary precipitin reaction, 19 - 
and antisera to the formolized antigen precipitated the native protein. 
Yet a change was recognizable {455 ) as rabbit scrum after formoliza- 
tion became antigenic for the rabbit and antibodies were obtained 
which reacted with the modified protein. Substantially in accord arc 
experiments of Jacobs ct al m who believe that the greater deteriora- 
tion of species specificity observed by Horsfall (4SS) is due to pro- 
tracted treatment with concomitant gelatinization. Furthermore, no 
appreciable serological effect of blocking XH ; groups by formalde- 
hyde or removing them by nitrous acid was seen with virus proteins. 
Potato virus X treated in this manner became inactive, like viruses in 
general, but precipitated with antisera for the active virus and the 
denatured product engendered immune sera indistinguishable from 
the latter. 1 ’* 

Rabbit immune sera against bor<o serum proteins which had been treated 
with benzaldehyde either showed no characteristic features or precipitated 
bcnzafdehyde treated sera (hor«e, man) and. curiously, unchanged sera of 
all mammals tested ,5> 

lly means ol ninh>drin, colored derivatives are obtained in which XH- 
groups arc no longer demonstrable by formaldchj de titration The product 
made from human serum gave cross reactions with similarly modified horse 
<erum m 

The reaction of mnhvdrin with protein is discussed by Eggerth {464) and 
Compared with the effect of formaldehjde (v p $:) 

OxmvtioN —Oxidative decomposition of proteins is easily 
achieved, for instance by means of potassium permanganate 1,1 As 
Obermayrr anti Pick (465) rqvortcd, the so-called oxyprotsulfonic 
acids formed during the reaction had lost their precipi lability with 
“native" antisera but immune sera prepared with the oxidized prod- 
uct shown! that species specificity was not abolished, in spite of the 
Considerable chemical change. 
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Reduction. — The sole chemical effect of reducing agents on pro- 
teins so far observed is the conversion of S-S into SH groups which in 
some cases (insulin, crotoxin) is accompanied by inactivation of 
hormone or toxin activity. In a serological study Blumenthal (466) 
found that the precipitability of serum albumin was decreased after 
reduction with thioglycolic acid, in her opinion owing either to par- 
ticipation of S-S and -SH groups in the serum reactions or to splitting 
of the molecule; egg albumin which fails to give the cyanide-nitro- 
prusside test showed no serological modification after treatment with 
cysteine. On account of the irreversibility of the reduction of serum 
' albumin Ecker 198 submits that other changes may be involved. Fur- 
ther instances of immunological differences between oxidized and 
reduced forms are proteins of the eye lens (124), keratins (1 16), and 
urease (366). 

Nitration, iodination. — Of greater interest than the chemical 
changes which mainly cause antigenic deterioration or moderate im- 
- pairment of species specificity are those that lead to profound trans- 
formation of serological properties. Such reactions, discovered in 
important investigations of Obermayer and Pick (465) were found 
to result from treating proteins with nitric acid, nitrous acid, and 
iodine. 199 The effect common to these reactions is the loss of the 
original specificity, partial or complete, depending upon the intensity 
of the treatment, and the appearance of a new specificity or, as 
Pick 200 puts it; 

“If, for example, a nitroprotein, the so-called xanthoprotein, is prepared 
from the protein of rabbit serum by treating it with concentrated nitric 
acid, it is an easy matter to immunize rabbits with it and to obtain an im- 
mune serum that does not differ in its action in any way from an immune 
precipitin which has been prepared with a xanthoprotein from a different 
species; both of the immune sera so obtained possess the capacity to react 
specifically with the xanthoproteins of the entire series of animals and even 
with plant xanthoproteins, whereas they have lost, more or less, the capacity 
to precipitate normal serum protein. Similar conditions obtain with iodize 
and diazotized proteins. In all cases the original species specificity is os 
and a new specificity has taken its place . . (author's translation/. 


(467) (Oxydation et reduction dans rimmunologie). . .j 

In prior experiments by P. Th. Muller (468) sera to iodized casein r 
with the unchanged protein, and Bauer et al (469) reported that casein , 
from serum proteins in that the species specificity was ( not destroyed oy 

800 (471). Observations — with regard to casein treated with nitrous acid 
disagreement with those of other workers, were described by Lewis (47 2 /* 
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According to Pick, these serological modifications which, inciden- 
tally, do not af led merely species specificity, are determined "chiefly 
by the character and the position of the substituting groups in the 
aromatic nucleus, and the changes in the entire structure of the 
molecule attending the process of substitution” (471). In the writ- 
ings on this subject it is often assumed that the serological behaviour 
of the three antigens mentioned depends directly on the nature of the 
introduced group itself (N0 2 , N = N, I). If so, the antibodies ob- 
tained with these antigens would be specific for the nitro- or diazo- 
group or iodine, and should react with these substituents as such. 
Tin's, however, is not the case; in fact, Wo email's 501 investigations 
made with the inhibition method (p. 183) led to the result that the 
serological determinants in the reactions of iodo- and bromopro- 
teins M - arc not iodine or bromine, but parts of the modified protein 
molecule, that is to say the tyrosine residues disubslituted by halogen 
in 3,5 position (p. 194). In similar manner Mutsaars (480) found 
that the characteristic serological specificity of nitroproteins depends 
on the nitrotyrosinc residues. Concerning nitroproteins 5 '* it is im- 
portant to note that, as shown in Table 8, this antigen is scarcely to be 


Table 8 — I'mcipitatjos or Vamovs Antigens ©y an Immune Serum t ox 
llorsc-XA.-mioraoTtiN (Concentration or the Anhcen oorft) 


Xanthcprotrifls 


Duroprotrln* 


)Ior*c 

oi 

Hone 

Ox 

Chicken 

+ + 

+ + + 

-f+ + 

+ + + 

+++ 


distinguished serologically from diazoprotein,” 1 and Mutsaars (487) 
found in absorption experiments that both these antigens react with 
the same antibody. The two substituents NO»and N ®N being quite 
different, it follows again that the nature of the substituting group is 

v Jacobi ( 474 ) p - 1 -* 1 ,*'» /<;:* 

**1hc tonftcltns mull* of ■ . - 1 1 : r 1 . 

to Hi* druut trcalrarnt with t- ■ ■ ■ 1 ■ ■ • , * 

tioa to brccnrwliofl, oxidation i- . t ■ j 

tit eudation b) iodinr and alia .1 ,* ■ t . ■ *■ i’ 1 ,, 1 

the condition 1 avd n bronlrulioo chlorine does not lubtWute (ili) 

**t<Si). (<7j) Nitiojnolrinj prrjumt »ilh trtra-nitrornrthine hate tlnilLir 
pmprrtin to thox* made with citric taJ 

*" (47J) tVnh rr/erence to the formation of dUia cor.poundt by the 

attloa ct enroot arid e>n *rd phenol* v Landiifinrr (<Sj), More} and 
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not the salient point. Moreover, bromo- and iodoproteins are only 
slightly different, and iodized nitroproteins and nitrated iodoproteins 
are said to be serologically distinct (471) although both contain the 
iodine and the nitro group. 

The intense yellow color of both nitro- and diazoproteins cannot 
well be attributed only to the presence of a nitro- or diazo-group and 
seems to indicate that the substituted aromatic rings possess a quinoid 
structure. 203 Hence, the pronounced serological characteristics of, 
and the relationship between nitro- and diazoproteins very probably 
arise from a structural change in the tyrosine residue. 200 In regard 
to this it is significant that introduction of N0 2 groups or halogen 
need not alter radically the specificity of aromatic compounds 
(p. 163) and, as Wormall comments, the differences between halogen- 
ated and nitrated proteins need not depend solely on the particular 
substituent, since these modifications are not simply cases of sub- 
stituting a different group in the same position. 

It is remarkable that in the cases under consideration different 
proteins react alike, although their original chemical differences 
cannot have been abolished. Even though characteristic groupings 
may have been destroyed by the reactions one must, in order to ex- 
plain this behaviour, assume that it is due to the predominance of 
structures formed by iodination or nitration which, occurring re- 
peatedly in the molecule, largely mask the other chemical differ- 
ences.*’ 07 It may well be relevant that iodination greatly increases 
the acidity of the hydroxyl in tyrosine. 203 

Immune sera for iodoproteins may contain distinct antibodies, reacting 
with the homologous antigen alone, with all iodoproteins, and with the orig- 
inal protein, their relative proportion (and occurrence) depending on the 
degree of iodination. 

Because of the inhibition reactions referred to above, it is not likely that 
in. addition to the substitution of tyrosine other chemical modifications 
take a decisive part in the serological change following iodination or nitra- 
tion. A quantitative study of the course of iodination showed that loss 0 
species specificity became complete just when enough iodine was taken 
up to substitute all tyrosine groups. 209 

5,16 v. (488), (489), (473). , . w v. Ktfrt . 

'"•The so-called desamidoalbumin (471) obtained from xanthoprotem by 
duction has not been studied sufficiently to be discussed; v. (481). . 

307 Only slight cross reactions occur between halogenated and mtroproi 

w ^^* Cohn (490). Kleczkowskj (491); v. Haurowit* et al. (4 9 2 )* 
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Methylation, acylation. — Nearly complete loss of the original 
specificity is not limited to reactions which involve substitution in the 
aromatic rings. The other modifications so far discussed, it is true, 
result in a less marked decrease of specificity and give rise to cross 
reactions extending only to species of the same zoological class (c.g. 
mammals) as that which furnished the immunizing antigen. How- 
ever, the assumption that salt forming groups are of significance in 
serological reactions led to the detection of alterations which affect 
profoundly the specificity of proteins. From this point of view es- 
terification of the acid groups in proteins was undertaken and was 
effected with acid in alcoholic solution, or with diazomethane. 51 * 
With diazomethane, at least on intense treatment, in addition to 
esterification, hydroxyl-, amino- 3 nd imino-groups arc methylated. 
The protein esters and methylated proteins behave in a fashion similar 
to xaothoprotcins and iodoproteins 2U Their capacity to react with 
immune sera for the unchanged protein is lost, and immune sera ob- 
tained with these derivatives react with other correspondingly treated 
proteins of various animal species or even plants. The original speci- 
ficity of the proteins is not entirely destroyed by the alterations, for 
upon titrating with diminishing quantities of antibodies the reactions 
arc seen to be considerably stronger with the homologous antigen 
than with preparations made from widely distant proteins; however, 
tliis is to some extent also true of iodized protein. 312 The cross reac- 
tions between proteins treated with alcoholic acjds and with diazo- 
methane arc readily comprehensible on account of chemical sim- 
ilarity. 

Acylation s,# (v. p. 157), for instance acetylation by means of acetic 
anhydride, brings about a specificity change which Is analogous to 
and as pronounced as that due to mcthylation. Of the same order 
arc (he changes occasioned by reaction with carbobenzoxychloride 
C«n & -CH : -O-C0a (Gaunt and Wormall (502 >J. 

rhmphoT> toted proteins, of interest in view of the existence of natural 
phmphnpruleint (ravin, vilellin), were investigated by Heidclbergcr et ah 


*” Etc;). ' Wbatfcet (491) Charjo that otcur, in add.tion 10 o- 
trtjficaiu'n are ton'k'nfJ by Kiev J et at. (475) 

* * O-i thtcrffuitt if'uU* obtained in arupbjhxis tsperments with nttrifird 
v (v/j) . “(4*5). v (a'-jj 

•"'Lincbletn-r and JaWeni (497): v (47*). It on be eorcltrtod fro*n the 
anilvm ,-r f if#- cfmppearancr c t the Milton frartnn ihn Nit, and OH rreups 
Ole part in the acrl)l»tJon (v (457-521)}. On acrtjlalicn by Irfrr.r v Jlrrnott 
and Xerthftp, J’jppcalifirrr (449). 
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- (499)- The immune serum to phosphorylated egg albumin gave cross re 
actions with denatured, not with native ovalbumin. 

Treatment with diazobenzene, isocyanates, mustard gas.- 
Treatment with diazobenzene was first investigated serologically bj 
Obermayer and Pick, who found this to modify the specificity in sud 
a manner that the antisera produced against the coupled produc 
precipitated this antigen but not the unchanged protein nor protein: 
of other species likewise coupled with diazobenzene. In later experi- 
ments, 214 however, it was seen that sufficient treatment causes a con- 
siderable change in species specificity. 

Antigens similar in serological behaviour to methyl- or acetyl- 
derivatives, save for distinct reactivity with antisera to the untreated 
proteins, are the phenylcarbamido-proteins formed by treatment with 
phenyl isocyanate (C c H 0 — N=CO) and p-bromphenyl isocyanate; 
involved in the reactions are the free c-amino groups of the lysine 
residues. 215 Less changed in specificity were the protein derivatives 
made by Berenblum and Wormall (507) with mustard gas (pf?- 
dichlorodiethyl sulphide) and dichlorodiethyl sulphone; here the 
combination may take place through amino or sulfhydryl groups. 

Conjugation with serologically reactive organic com- 
pounds. • — The observations dealt with in the foregoing concern the 
specificity of altered protein molecules. A different effect, however, 
can be demonstrated when proteins are combined with appropriate 
organic compounds. Such compound antigens can be shown to exhibit 
a specificity determined by the attached chemical substances and in- 
dependent of the protein moiety. These conjugated antigens will be 
discussed in a later chapter. 

Cross reactions. — In order to interpret the overlapping reac- 
tions obtained upon testing precipitin sera with the proteins of relate 
animal species an opinion is often held, based upon the assump on 
of absolute specificity of antibodies, which may be set forth in e 
following statement translated from Arrhenius: 218 


,M Landsteiner and Lampl (503). , 0 r 

Hopkins and Wormall (504); (505). Differences between the 
formaldehyde and isocyanates, and of other substitutions mthe^am s 

• I ‘ leal 


by 

Gutman (506) to react with phenylisocyanate. 

“‘Arrhenius (508); v. NicoIIe (509). 
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'■Sheep serum probably contains, in addition to its principal constituent, 
several other substances which are also present in the sera of goats and 
cattle artel which, upon injection into the veins of rabbits, indie the forma- 
tion of antibodies against these sera, although in smaller quantity than the 
precipitin which is produced by the principal substance of the sheep serum/' 

This hypothesis docs not explain the increased range of reactivity of 
immune sera made with artificially modified, e.g., denatured, proteins 
and, if applied to a large number of species instead of only a few, as 
in the example cited, leads to an inadmissible conclusion. One would 
then have to assume that every normal serum contains numerous 
proteins identical respectively with those of other species and that 
their quantities arc determined by the degree of zoological relation- 
ship. Accordingly, the hemoglobin of an animal should show many 
different forms of crystals, which is contrary to the fact. The fallacy 



Electrophoretic separation of a mix- 
ture of guinea hen and duck ovalbumins; 
luccessnc schhcrcn photographs at 30 
minute inters als 


of the argument was furthermore evinced by electrophoretic analysis 
which brought out sharp, discontinuous differences in mobility be- 
tween cro's-prccipitating proteins so that mixtures of two such pro- 
teins — guinea hen and duck ovalbumin — could be clearly resolved 
into the components xn 

In seemingly more accqitable form the idea of like elements shared 
,l ' LindKttnrf, t/T-ci'crth ini wn drr Schccr (nj) 
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among different species has been advanced by substituting groupings 
for whole proteins. For instance, since after exhaustion with duck 
ovalbumin, antisera for hen ovalbumin still react with the latter , 2,8 
there must be at least two antibodies in play, and the inference might 
be drawn, accordingly, that hen ovalbumin contains two reacting 
groups, one peculiar to chicken, the other 'common to chicken and 
duck. Here again when this simple reasoning is applied to numerous 
species one arrives at a more than doubtful picture of protein con- 
stitution; for example, of the determinants in hen ovalbumin — at 
least four from the experiments with heterologous antigens in Tables 
9 a, 9 b — three would be shared with turkey albumin and two be pres- 
ent also in guinea hen albumin, and so forth . 210 A much more likely 
explanation is provided by the principle established through investi- 
gations on azoproteins, namely, that the action of antibodies extends 
to structures that are chemically similar to those of the homologous 
antigen. In harmony with this opinion is the fact that following ap- 
parent exhaustion of an antiserum with a heterologous protein, still 
further addition may inhibit and retard the precipitation of the homol- 
ogous antigen . 220 One may then assume that gradual changes in the 

Tabie 9a 

[after Landsteiner and van dcr Scheer (511)] 

Hen ovalbumin immune Ovalbumins from 

serum absorbed with Herj Turkey Guinea Hen Duck Goose 

ovalbumin of 1:2000 1:2000 1:2000 lizooo I’toQQ 


Turkey ... +-f-=fc o o 0 o 

Guinea ben ... . +++ 0 0 o 

Duck ++-f± +++ o 0 . 

Goose +++± +++ ++± o o 

Unabsorbed +++ * +++ ++=*= ++ ++ 

Immune serum for hen ovalbumin was exhausted with various albumins ^or the 
tests 0 2 cc of absorbed serum was added to o 05 cc of antigen dilutions expressed m 
terms of dry weight. Readings were taken after 1 hour at room temperature. , 
With the unabsorbed sera all ovalbumins gave strong reactions. 

determinants of related proteins rather than the presence or absence 
of certain groupings — in conjunction with the formation of qualita- 
tively different antibodies in response to single determinants (p. 269) 
— will account for the complexity of the absorption phenomena. 

M Hooker and Boyd (510). _ 

** Cf. (333a) (Schultz-Dale experiments with trichophytins). 

“(S«). ( 5 «). 
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The multiplicity of antibodies, as well as the variety among antisera 
made in one species with the same antigen, is clearly seen from the 
tests presented; it appears that there are antibodies which react only 
with chicken ovalbumin while others precipitate chicken and turkey 


Taclt Qb 

(Tests as in table 93) 


lien ovalbumin Immune Ovalbumins from 

return abvntbed with lien Turley Guinea hen Duck Goose 

ovalbumin ol 1 2000 1 2000 1 2000 1 2000 1*2000 


Turkey 

Wt HiJM 




wpm 

•Guinea hen 

++± 





Duck 

+++ 





Corns 
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albumins, ct cetera. Accordingly, it is possible to distinguish the five 
albumins with selected sera against chicken ovalbumin. 

Protein specificity and chemical constitution .^ 1 — Con- 
sidering the scanty knowledge of the constitution of individual pro- 
teins, it is not surprising that, despite the abundance of observations 
on natural proteins and those on modified ones, the specificity of im- 
munological protein reactions cannot yet be interpreted concretely 
in terms of chemical structure. Ehrlich’s opinion that serological 
properties arc intimately connected with chemical constitution is now 
conclusively established, and it is equally certain that the proteins 
themselves and not contaminating substances, a possibility once con- 
sidered ( 514), arc responsible for the reactions. The dependence of 
protein «j>ecificity on chemical structure, indeed probable because of 
the serological relationship of proteins of similar composition, became 
a certainty as a result of investigations on protein derivatives (Obcr- 
mnyer and Pick! The first point, the significance of the chemical 
structure rather than of biological origin, was stressed by Wells and 
Odtorne (si 5) in their extensive work on plant proteins. For ex- 
ample, in the group of alcohol soluble proteins, gliadins from wheat 
and rye Imhavcd alike, l»oth chemically and in anaphylactic experi- 
ments. and hordein of barley and gliadin, differing slightly in com- 
poMiion. wrre serologicallv related although readily distinguishable. 
Or, the legtsmins of beans vetches and lentils and the globulins of 
Cucumi* mrto and CucurbUa maxima, which could not be distln- 


< 4 *>. ( 513 ). 
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guished chemically with certainty, agreed also in their immune re- 
actions (516). ‘ ' 

That differences in’ particle size, which certainly affect the mani- 
festation of antibody reactions, or in “micellar*’ structure, influence 
their specificity is not supported by reliable evidence. On the con- 
trary, there are observations to show that changes in the state of 
dispersion need not be accompanied by differences in specificity. 222 
The presence in proteins, depending on environmental conditions (in 
particular accompanying proteins and salt content), of smaller units 
resulting from reversible dissociation of the ordinary molecule, and 
the formation of aggregates by combination of different proteins was 
assumed by Sorensen (518), and positive observations of this kind 
have been made by ultracentrifugation and electrophoresis. 223 With 
the former technique it was found, for example, that the hemoglobin 
molecule may split into halves in urea solutions or upon dilution, and 
under the influence of clupein serum albumin may break up into 
eighths. 224 Phenomena, however, such as described by Sorensen, are 
not reflected in the serological behaviour, and one must conclude that 
the specificity of proteins is an attribute of the units, that is, the 
smallest components which cannot reversibly be split. Otherwise, by 
means of rather gentle operations, such as salting out of proteins, it 
should be possible to produce or destroy serological characteristics, 
or by mixing different proteins to create new specifically reacting 
“component systems,” which is not the case. A similar view has been 
taken by Hooker and Boyd (523). 

It was claimed by Zoet (524) that on immunizing with a previously 
heated mixture of horse and pig serum the antisera reacted markedly with 
this solution and scarcely with a mixture of the separately heated sera, 
which would indicate that on heating aggregates are formed consisting 0 
both proteins and endowed with a new serological property. In experiments 
of Nigg (525) the appearance of a new specificity could not be confirmed, 
however, as was shown by Landsteiner and Prasek (526) and by Bawden 
and Kleczkowski, loss of precipitability by immune serum may occur when 
a protein is heated with a large amount of another protein, owing to t e 
formation of mixed aggregates. 225 Formation of complexes upon heating 


*** Maclnnes and Longsworth (519). For aggregation of like or even dissi 
1 hemocyanin units v. Tiselius and Horsfall (520). 

”* v. Svedberg (521), Bernal (522). . . ■ d 

" (527) ; antigenicitv and the ability to fix complement remained unimp 
' (528). 
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protein mixtures was 3I50 demonstrated by ultracentrifug3tion 114 and salt 
precipitation. 

Immune sera prepared against specie precipitates react with both com- 
ponents (sso). 

If in trying to form an idea of the chemical basis of protein speci- 
ficity one adopts the current theory that proteins are substantially 
nude up of amino acids in peptide linkage, then their specificity ob- 
viously depends in some way on the assortment and arrangement of 
these components. Here a new situation arose from the application 
of physico-chemical methods to the study of proteins {Svedberg’s 
ultracentrifugation, diffusion measurements) which established, for 
many proteins, a “globular” (ellipsoidal) shape of the molecule and 
indicated a higher organization than that of a mere peptide chain or 
a system of several chains. 521 It would then be possible and has in 
fact been contended that the configuration resulting from the coiling 
up of the chain is important for (he specific reactivity, and it has been 
further submitted that the considerable change in serologic properties 
upon denaturation is caused by the breaking up of the weak bonds 
which hold the chain in its spatial position. 22 * 

Experiments bearing upon this issue were made with monomolec- 
ular layers of proteins; these showed that extended films of a thick- 
ness of about 8 A are capable of absorbing antibodies specifically, 229 
as determined by the increase in thickness. Consequently, the globu- 
lar shape of the protein molecule is not a necessary condition for 
specific reactivity but, as Pauling remarks, 230 if one assumes unlcafmg 
of a layer structure, a two-dimensional configuration of the folded 
chain could persist in the monolayers. 
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reactions obtained with hydrolytic products of proteins (p. rg6) it 
may be concluded that polypeptide chains, irrespective of any. con- 
figuration due to intramolecular folds, are sufficient to provide a spe- 
cific pattern for the combination with protein antibodies. To what 
extent in the reactions with native globular proteins the "secondary" 
configuration plays a part remains to be decided. 

One cannot safely offer an opinion concerning the specific groups 
of proteins (“determinants") as long as it is not known what the 
maximal size of such a determinant can be. Evidently, determinant 
groups of small size (known to be sufficient for reactions of con- 
jugated antigens), i.e. amino acids or di- or tripeptides, cannot fur- 
nish a sufficient number of combinations 232 to account for the vast 
variety of protein reactions, and the specificity, in order to afford a 
pattern characteristic for a single species, must be referable to more 
complicated structures, probably a number of these existing in the 
molecule. The thought that the specific effect is brought about by a 
summation of partial reactions, in other words by the joint action of 
a number of antibodies severally directed towards small groups, is in 
disagreement with the low incidence of overlapping reactions between 
unrelated proteins, which are infrequent even when many antigens 
are used for immunization at the same time. 233 For another thing, 
antibodies specifically adjusted to amino acid residues are not de- 
monstrable in immune sera produced against proteins or low molec- 
ular peptides. 

The existence of multiple binding groups, not improbable a prion 
on account of the large size of protein molecules, is borne out by 
quantitative examination of precipitates which established that, for , 
example, ovalbumin (molecular weight about 40,000) can unite with 
antibody in the ratio 1 : 5 and therefore has at least five and possibly 
more binding areas (p. 243), a fact which at the same time fixes an 
upper limit for the size of the combining sites in a typical protein. 
For proteins of large molecular size much higher ratios have been 
found, up to more than roo in the case of a hemocyanin (molecular 
weight about 6,000,000). 

The intricate problem of identifying the determinants in proteins would 
be simplified to a certain extent if there were a repetition of similar de er 

The number of combinations, allowing for repetition and for defence® in 
the arrangement, is a 0 for groups of « amino acids, a representing the no 
different amino acids v ^ 

Hektoen et al (536), von Gam (537), Roesli (71), Dean et al. \53 * 
Bjorneboe (539) *, cf. pp. 103, 104, 140. 
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minant patterns, i.e. groups of amino adds, in the molecule. Such a condi- 
tion would not necessarily require, but could be due to, a periodicity in the 
distribution of the residues. !3t Under the assumption of recurrence of the 
same amino acids at constant intervals along one chain — which reduces 
enormously the number of "possible” natural proteins - — it is hard to under- 
stand the existence of the small serological differences between the proteins 
of closely related species; however, the difficulty would be moderated if one 
might suppose independent periodicities in the components of a “system 
of peptide chains of varied composition” (531). 


Evidence relating (0 the size of the specifically reacting groups in 
proteins has been acquired through inhibition tests with dialyzablc 
proteoses 233 and with split products of silk which counted of not 
more than 8-xz amino acids [Landsteiner (543)]. fp r ofi) It is 
probably not too much to say that further work along this line ('sup- 
plemented by the study of artificial antigens containing known pep- 
tidesjshould ultimately lead to definite information about the specific 
groupings of proteins. Granted the validity of our experiments they 
would seem to support the hypothesis of recurring determinants 
With conjugated antigens it has been shown (hat peptides ('made 
up of glycine and leucine) are serologically characterised Whether 
in proteins special portions of the molecule, because of their chemical 
nature, 8 ” preferentially function as determinants is «tdl a matter for 
speculation; it may be assumed that the groups involved arc located 
on the surface of the molecule (polar groups will tend to be oriented 
Outward in aqueous solution). A major influence of free acid croups 
»»)* surmised from observations on artificial antigen*; and from 
the marked effect of esterification on protein specificity: :i7 on the 
other hand, determinants within the chain appeared to pbv a part in 
the specificity even of relatively small peptides. The view that aro- 
matic groups have prominent significance was advanced by Ober- 
foaycr and Tick. Their conclusion that the "species specific structure 
of the protein molecule is influenced mainly by groupings which arc 


Bfrrnann and Nimunn (540); Asthury f 543*1 • v f <**1 
^unditruirr and van der 5 cheer. and Chare <541) Hobday ( 
v - Marracl (141). R« u Its obtained with protein derivative* *urce*t 'hit 
frit *be O’riecule are of greater influence thin others «n< «* |«>'r , r ch*n^ 


that the free carbon J proupJ do not helper nc!u*ivr!y to tb' 
tM» ? >,1C a ~ !n< ’ (Cf. (545) and the studies of Cfcibrutl C;jli 0.1 and 
tvS ^ rrtupa ia pretriri) 
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together, as displayed in proteins; . . . However, the view prevails today 
almost exclusively that the properties named have the character of neces- 
sary conditions . . .” (author’s translation; “anaphylactogen? is in this 
connection practically synonymous with “antigen”). 


The first of these sentences is now obsolete since non-protein an- 
tigens even of high activity have been found (p. 225); why proteins 
have a paramount position as antigens is still not fully accounted for. 
A considerable molecular size is common to all antigens, but carbo- 
hydrates of high molecular weight give rise to antibodies only in some 
species and may altogether lack antigenic ability; on the other hand, 
it would seem that antigenic molecules need not be as large as average 
proteins, for the production of precipitins has been reported with 
ribonuclease (mol. weight 15000), and with a substance resulting 
frotn the action of phenylisocyanate upon clupein whose molecular 
weight, unless polymerization takes place in the preparation, should 
be less than or not much above 5000 [Gutman (506)]. 

Regarding the function of amino acids a great deal of attention has 
been paid to the lack of antigenic capacity in gelatin 241 which is 
hypothetically ascribed to deficiency in aromatic acids, 244 especially 
of tyrosine. By way of proof, aromatic groups were introduced into 
gelatin, and actually gelatin became antigenic when combined with 
aromatic diazonium compounds, 243 with 0-/?-glucosido-N-carboben- 
zyloxy-tyrosine or 0-/?-glucosido-tyrosine [Clutton, Harington and 
Yuill (562), (603)]. These experiments, at first glance suggestive of 
the necessity of aromatic groups, do not suffice to prove their signifi- 
cance for antigenic behaviour, on several grounds. First, combination 
with phenylisocyanate did not convert gelatin into an antigen [Hop- 
kins and Wormall (563)]. Secondly, also, insulin which has about 
12% tyrosine was rendered antigenic or greatly improved *in this re- 
spect by condensation with glucosido-tyrosine (562). And thirdly, 
the aforesaid non-protein antigens are not known to contain aromatic 
groups, and conversely proteins degraded by alkali but containing 
tyrosine fail to provoke antibody formation (p. 44)- In the case of 


’“Wells (555), Pabis and Ragazzi (556), Starin ( 557 )> Hooker and Boyd 

*“ In addition to 1 . 4 % phenylalanine, in a recent analysis about 1 % tyrosine 
was found ($59)- 

1,5 (560), (55S) ; Nathan and Kallos (561). The immune sera so P roauc .,“ 
may react less — or not at all — with the gelatin (or insulin) antigens than w 
antigens made similarly from other proteins. Parenthetically, nitrated gelatm 
found not to immunize (480), (513). 
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phenyl ureidoclupein, likewise, it may be disputed whether the acqui- 
sition of antigenicity is due to introduction of benzene rings ns such, 
considering that histones, basic as are protamines, but containing 
tyrosine and presumably having higher molecular weight, are re- 
ported to lack immunizing properties, for reasons not yet ascertained. 
Finally, an active bacterial antigen was found — and more of this 
hind may exist — in which no amino adds at all could be detected 
(p- 33 S)- 

The experience of poor or wanting antigenicity of the animal micieopro- 
teins 240 which are composed of nucleic acids and histones or protammes is 
intelligible since, as evidence hitherto existing would indicate, the protein 
components have no appreciable antigenic capacity Bacteria! and virus 
nuclcoproteins, on the other hand, were found to induce antibody produc- 
tion. In view of positive results with some nuclcoproteins of animal origin 
it would be worth while to resume the subject with the use of well purified 
and unaltered preparations. 


The absence, in proteins, of several non-aromatic amino acids ap- 
pears to be immaterial. Thus, from published analyses, casein con- 
tains little cystine and no glycine, ovalbumin no glycine, zein no 
lysine, glycine or tryptophane, and hordein only small quantities of 
diamino acids; yet all these substances hairc antigenic activity. 

Since the chemical basis for antigenicity in general is not well 
established, one can hardly expect to know the cause of the consid- 
erable differences in antigenic power of various proteins; mtbt likely 
a number of factors are implicated. Some special instances may be 
mentioned. Although it is in general unsafe to link together the scat- 
tered data in (he literature obtained with a variety of methods, one 
can say that insulin (p. 37) and cr>’stalbumin, ;<7 hemoglobin and 
denatured proteins arc weaker antigens than, for instance, native 
scrum globulin or ovalbumin. 5 ** That the proteins of the former 
Rroup contain no carbohydrate or very little may or may not be acci- 
dental; it is worth mentioning that artificial glycoside-proteins are 
quite strongly antigenic {Goebel ct a!. (568)]. On the other ham), 
in the case of mucins the high carbohydrate content was taken to be 


trv-vi 

r 


( 5 6 4 >. (,jjS),Bon* (s6s)- 

Hewitt (sW) 1 talcs: "Ahhouph m » C«en fraction the jntircn* pw-o 
leroptycoM and eryslalbu*mn arc present in the ratio 1 10 "t> the et *“ 

... v,,... — ■» *- • w/ectmjr this mu«J antiem w 

Yuitt (£&;) on the contrary secured 
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responsible for poor antigenicity (Goodner), which is plausible if 
essential parts of the protein were covered by groupings which have 
themselves no antigenic activity. Possibly this explanation applies 
to the difficulty to produce antibodies with conjugated proteins which 
contain a great number of attached groups or large hydrocarbon 
residues (p. 160). 

The suggestion that antigenicity tends to be greater with proteins 
of high molecular weight was made because of the ease with which 
strong antisera to hemocyanins (molecular weight of several millions) 
were produced (92); and indeed the huge molecules of tobacco mo- 
saic virus are very effective precipitinogens. 2 * 9 

In summary, then, there is as yet no consistent theory embracing 
the experimental facts. For clarification it will be desirable to make 
comparative experiments with a wide choice of proteins differing in 
various respects under standardized conditions with regard to routes 
and modes of injection and quantities, taking into account the great 
variation in response of individual animals and strains (as well as 
species differences) 230 and preferably injecting into the same animal 
mixtures of the antigens to be compared. 231 Better comprehension of 
antigenicity may, furthermore, come from the studies on protein-free 
antigens of bacteria, and even a synthetic approach is not incon-' 
ceivable. 

Demonstration or species differences by chemical methods. 
— Relatively little work has been done towards developing a com- 
parative chemistry of proteins, a line of research brought to attention 
■ by the results of serology. These presented the problem of correlating 
serological with chemical findings and of discerning the scheme at 
the bottom of the variation in proteins that reflect so remarkably the 
zoological relations. 

Investigations were undertaken by Dakin (418) on the assumption 
that the racemization of peptides depends upon keto-enol tautomer- 
ism, and in proteins, therefore, only those amino acids would be 
racemized whose carboxyl groups are in peptide union. Consequently, 
the cleavage of racemized proteins by hydrolysis should disclose the 


s,t On immunization with insoluble proteins and proteins adsorbed to particles, 
v. (p. 43; cf. p. 45); on differences in antigenic activity of tuberculin irac , 
depending on molecular size, v. Seibert (569). . , . .... 

It has already been mentioned that for tbe production of precipitin 
have mostly been used; as a sensitive test for antigenicity anaphylactic p 
meats in guinea pigs are of advantage. 

851 v. (158). 
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amino adds bearing free carboxyl groups that, presumably not being 
racemized, would be recovered among the cleavage products in opti- 
cally active form. According to the communications of Dudley 3nd 
Woodman, and of Dakin and Dale, 555 sheep and cow casein, and the 
ovalbumins of ducks and chickens, actually could be distinguished 
by this method. 

Apparently well defined results, inviting further study, were ob- 
tained by Obermayerand Willbeim (573). These authors found that 
the ratio of total nitrogen to amino add nitrogen in certain protein 
fractions of horse and cattle serum differs considerably from the 
corresponding values obtained with chicken or goose serum. 

The most promising approach is analysis for individual amino 
acids in corresponding proteins of different species; as yet there arc 
not enough reliable data to make generalizations possible. Analyses 
of mammalian hemoglobins, 555 presented in Table to, indicate a con- 
stant ratio of the basic amino acids but show wide differences in 
cysteine and non-cysteine sulfur [Bcrgmann and Niemann (578)], 
except in kindred species (Birkofcr ct al. (579)]. 


Tab it to — Mouci’iA* Ratio or Cossmucsn in Various Hem oclobivs 
[after BerrBjnn ft al (j?8)J 



Hone 

Hctfl otlobin 

Sheep Citllf 

Do* 

Iron 

4 


4 


Cystrine 

3 

3 

3 

6 

Non-cysteine sulfur 

6 

12 


6 

Arginine 

12 

12 

13 

12 

Hmidint 

33 

33 

33 


L> line 

3& 

3$ 

36 

36 


Jlrurrt tor |jro*inf. (ryplophioe and phen)Ultnfo« art *ivro by Block (}So>; ekt- 
tfopbofftk (nenurrmcnli iff reported In (uj) 


In lens proteins in the reduced form the percentage values found 
for cysteine were: sheep 5.3, swine 5.0, chicken 4.$, fish S.5. 554 The 
cysteine content was found by these authors (5 Sj) to be approxi- 
mate!)* the same (about tjfc) in wool, feathers and hair keratin, and 
determinations for the bade amino acids gave an almost constant 

(tv) , 

It-lS l! 1 - . m 

■ 1 • 

•"ticker ir.J I'lltascr <jl>) 
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ratio (1:4:12) of histidine: lysine: arginine in these substances, an 
in nails and horn (580). 

Figures for some amino acids in crystalline seed globulins of Ci 
curbita species indicating variation in accord with botanical relatior 
ship are recorded by Vickery et al. (583). 

Amino acid analyses on the erythrocyte stromata of several mammaliai 
bloods failed to reveal considerable differences. Determination of eigh 
amino acids in whole muscle tissue of species belonging to five classes ga\i 
in most cases similar values (584). 

In a number of papers on chemical species differences in serum proteins 
globins, casein, etc., the requirement that only single, pure proteins bt 
subjected to analysis has not been fulfilled 235 


Applications of serological protein reactions. — In conclu- 
sion, attention may be called to the applications of the serological pro- 
tein reactions which are sensitive and specific enough to detect a 
particular protein in quantities less than one hundredth of a milligram 
per cc (586). These reactions have proved to be dependable as rou- 
tine tests for the differentiation of human and animal blood in forensic 
cases and for the examination of foodstuffs (meat, milk and egg prod- 
ucts, adulteration and contamination of flour, et cetera) (587)- 
Of greater importance, from the point of view of biochemical re- 
search, is the use of serum reactions for the identification of proteins 
and, since serologically reactive impurities are easily detected, - J as 
an aid in the purification of protein fractions. 257 While immunological 
reactions give no information on physico-chemical properties or 
chemical composition, no other single method is so efficient in quali- 
tatively characterizing an individual protein and an increasingly 
wider use of these tests can be foreseen. The manner in which im- 
munological reactions are employed for preparative protein chemistry 
is illustrated by the work of Osborne and Wells (210) on plant pro- 
teins and recent studies on serum proteins. 238 For instance, Kekwic s 
obtained an albumin fraction which in the ultracentrifuge and a so 
electrophoretically appeared homogeneous yet by precipitin tests was 
shown to be a mixture. Other examples are the distinction by P r ®' 


“v. (p. ng); Groh and Faltin (585). 

M Thus Goldsworthy and Rudd (588) were able to 


demonstrate globulin in 


riteria of purity applied to sub- 
■ Pirie (589)- 
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* tipitfa reactions of blood and muscle hemoglobin/''* demonstrations 
of thyroglobulin in blood and lymph, and of a phosphoprolcin, react- 
i ing like ovovitellin, in the serum of laying hens (possibly in small 
- quantity in serum of roosters) (501). In disease, some abnormal 
proteins have been detected (p. 26), and Bence Jones proteins were 
demonstrated m urine and serum of myeloma patients/*® As already 
remarked, in the field of viruses precipitin and neutralization tests 
arc employed in many ways, e.g for tracing contamination by viruses 
or normal plant proteins. 

A method for quantitative determination of proteins by means of pre- 
'' cipHin reactions has been developed by Goctuch and Kendall (593) and 
u*cd for examining the composition of blood semm in pathological condi- 
tions (Kendall (164)). 

J*<limation of the plasma volume by inlra\ cnous injection of precipitating 
immune sera has been proposed by Culbertson (594). 

Immunc sera were further utilized in an investigation of the origin 
of serum proteins. Chicken fibroblasts were grown for as many as 35 
weekly parages in rabbit plasma, and the tissue fluids were tested 
with p reci pit i ns for chicken serum. The results indicated that con- 
nective tissue can produce proteins which arc identical with or closely 
rehted to serum proteins. They showed in addition that the species 
sf*ecific properties arc retained unchanged when cells arc grown for 
quite a lime in foreign plasma. 5 * 1 
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CELL ANTIGENS 

Among antibodies against cells, the agglutinins and lysins for bac- 
teria and erythrocytes have been most extensively investigated. In 
the fields of bacteriology and medicine bacteria! agglutinins have 
found wide application: they aid in the identification of bacteria 
when known immune sera are used and in the diagnosis of infectious 
diseases where the patient’s serum is allowed to act upon known bac- 
teria, as in the Gruber- Widal test for typhoid fever. The introduction 
of there methods started a new chapter in bacteriology when the 
discovery was made, first In the group of vibrios,* that microbes in- 
distinguishable morphologically and in culture can be subdivided by 
immunological terts Hemolysins and hemagglutinins were made u*e 
of In numerous investigations on general serological problems inas- 
much 05 !y«*s of red Wood corpuscles h readily observed, owing to 
the pigment contained in these cells and to the en<c of preparing 
suspensions that arc suitable for agglutination reactions. 

It was formerly taken for granted, because of the belief in the sole 
importance of proteins for Immune reactions, that the antibodies to 
bacteria and blood corpuscles bear an exclusive relation to the pro- 
teins in the crib. This view became doubtful when it was noticed 
that IwmolysU by normal sera may be inhibited by alcohol ami ether 
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extracts of blood corpuscles, 2 and that hemolysins may be formed 
upon injection of such extracts. 3 These facts and studies on other 
animal and bacterial antigens suggested that lipids take part in sero- 
logical reactions and in the production of antibodies. Zinsser and 
Parker (5) then discovered that in bacteria there are serologically 
reactive substances other than proteins (“residue antigens”), which 
Heidelberger and Avery, working with pneumococci, recognized as 
polysaccharides, and it was soon found that, in addition to proteins, 
high molecular carbohydrates are responsible for many bacterial 
agglutinin qnd precipitin reactions. When the usual methods of im- 
munization were employed, however, it appeared that the specific 
protein-free substances of animal or bacterial origin, although active 
in vitro, often induced no or only slight antibody response. For 
substances of this sort, in contradistinction to typical antigens which 
possess both properties, the term hapten has been proposed by the 
author (6). 

Apart from the chemical data, certain findings, commonly not fully 
appreciated, indicated that many of the antigens found in animal 
cells belong to a separate class with respect to specificity. The dis- 
tinctive characteristics to be discussed below are the striking sero- 
logical differences between the cells of individuals of the same species, 
the frequent occurrence of so-called heterogenetic antigens, i.e., simi- 
larly reacting substances present in unrelated kinds of organisms, 
and the fact that blood cells of closely related species exhibit some- 
times much greater differences than the respective serum proteins- 
These features, along with observations on the chemical nature of the 
antigens bear out in the writer’s opinion the conclusion that there 
exist two systems of species specificity in the animal kingdom, the 
specificity of proteins and that of cell haptens (7). The proteins,! 
would seem, undergo gradual variation in the course of evolution, 
while haptens are subject to sudden changes not linked by inter- 
mediary stages. 

A peculiarity of cell reactions is that, unlike precipitins for P rofe ^ 
agglutinins and lysins are often demonstrable in normal sera, a 000 _ 
which probably does not depend solely on the respective technique- 
regular antibody response to cell antigens and the high activity 0 
cell antigens — as little as 0.05 mm 3 of red cells, or 10 5 bacteria ’ 
were seen to evoke antibodies 4 — might also seem distinctive, but 1 s 

*Landsteiner and von Eisler (2), Misawa (3). 

* Bang and Forssman (4). 


4 (8), (8a). 
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be noted that the anaphylactic state can be Induced by minute quantities 
of proteins and that precipitating immune sera have been obtained upon 
injection of very little protein . 8 

Red cells and tissues;* species differentiation. — Chemical 
analysis of the antigens in erythrocytes has lagged behind the exten- 
sive work put into the serology of these cells. The specific substances 
are contained in the blood stromata, and it might be assumed a priori 
that the stroma proteins participate in the reactions, yet it is difficult 
to assess their role since soluble serologically reactive proteins ha%*c 
not been separated and because it is uncertain to what extent the 
serological deterioration of stromata upon extraction, as with alcohol, 
is due to removal of active substances or to changes in the protein 
(10); a closer investigation of this point would be needed.*-* With 
specific non-protein substances of the red cells some definite chemical 
results have been obtained, which will be taken up l 3 tcr (p. 231 ff). 

Standard In the serological examination of free cells are agglutination and 
lysis tests, and precipitation and complement fixation are employed in test- 
ing soluble constituents 0/ tissues <and cells) which cannot readily be 
made into homogeneous suspensions For motile cells, spermatoroa, pro- 
tista, and ciliated epithelia , 8 immobilization can sene as a criterion. Meas- 
urement of surface potentials was applied by Mudd (ax) for spermatozoa. 

Titration of agglutinating and lytic sera, 1 ® satisfactory’ for common pur- 
poses, is carried out by determining the highest dilution of Immune serum 
at which a visible reaction or a reaction of certain intensity still occurs; 
colorimetric measurements maybe used for determining thedegret of hemol- 
ysis. Titration of lysins requires the addition and standardization of com* 

■ 1 ' * — ' . 


•Meitoen and Cc 3 e (g). 

'Detailed review* cn jfc’utiailion sad hemeljais are riven by Sachs (ct). 
and Miff (cb). 

* Material aoJubY in organic lohmti ir abetrt on; fifth of the dry weight. (>■> 
•trtma prctnai v Jorp^t ( 1 1 ). Boehm (1 j ) In the experiments reported on th* 
fcrrijfi<Tn of afrivttnmt and lysim by injecliec '‘c’fby'.ft*" of b!cod cells (13). 
(tfi. mrrs nay have been tiwd t* the pte-tert r of I’W-ila Li the solutirit 

\\h ^.Vt «nV ir.hih-lim eSem of per :fnr prepmtlf'Rt en ro-ruj hrtero- 
irr'ulU’i’vt <u») and p’jrl ars’cua’ns are <Jjf to p-oter^n it jvj: fa'iv anured 

'TVf nrib-vf rf rf*' tra’tj-i \y fhrrdraJ irearr-rnj hit rej eoVribyte** t’t ■ 
rif rsr.l bfomsriKi on the mitre cf rrythrayt* actir—.i ( j j), (16). 

‘Or-tgl (jrrr>rfal gmipt In furtnecia), (?oj (d£ffrotittf<n of related 

(it) 

"> er a ro—j.uttsn ef tethnieaj fra ed^r-r %• (*3). (t\t) 

* On tie r-eibod ef ry-rral proptfetica* v (*<). (rj). 
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Immune sera prepared with blood corpuscles of one animal species 
will, like precipitins, give reactions with the bloods of related species, 
too. In Table n such results are presented from tests with agglutin- 
ating immune sera for human and monkey blood. The figures indicate 
the titers obtained by determining the highest active dilutions of the 
sera. 

Table r: 

[after Landsteiner and Miller (26)3 


Immune Serum lor 

Blood Corpusdes Hunan Blood Rhesus Blood 

£* 

Man 1500 7 so 125 

Chimpanzee 750 750 xsj 

Orang-Utan 500 ... 250 

Macacus Rhesus . . . rzj 7 50 


Blood cells of closely allied species can be distinguished either by 
the agglutinin titer or, more regularly, by absorption experiments. 12 
Thus, if to an antiserum for erythrocytes is added heterologous blood 
of another species, likewise acted upon by the immune serum, the 
cross reacting agglutinins are absorbed, and after centrifugation there 
remain in the supernatant fluid agglutinins for the homologous blood. 

The following test was carried out with immune sera for horse 
blood which also agglutinated donkey blood to high titer. The solu- 
tions obtained after absorption with blood corpuscles of the donkey 
no longer acted on these cells but agglutinated horse blood in high 
dilutions, and the outcome was analogous in the inverse experiment 
— • immune serum for donkey blood, absorption with horse corpuscles 
(Table 12). These results acquire additional significance when con- 
trasted with the difficulty in differentiating clearly horse and donkey 
serum proteins by precipitin reactions. , 

In the same manner, marked differences were shown to exist be- . 
tween the blood cells of man and chimpanzee (26), sheep and goa , 
fox and dog (29), and species of mice and doves (30), ($*)• , 

It is worthy of remark that differences between closely rem e 
species and individuals of the same species are often demonstrable y 
means of natural agglutinins, upon direct tests or with absorbed se 
(32). For instance, some human sera give strong agglutination wit 
chimpanzee blood (irrespective of the blood groups) althoug 

u Ehrlich and Moigenroth (27) » Landsteiner et al. (28); (26). 
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serological differentiation of the serum proteins is in this case a some- 
what delicate matter. On the other hand, the occurrence or absence 
of agglutination or hemolysis, when normal serum and blood of vari- 
ous species are allowed to interact, cannot be used for estimating 


Table 12 

fatter Landsteiner et al. (jB)} 


Immune Serum 
for 

Treatment 


Test Bloods 




Horse 

Donkey 

Mule 

Horse Blood 

Not absorbed 

£000 

4000 

6000 


abs. with Horse 

<40 

<40 

<40 


“ " Donkey 

2400 

<40 

1600 


“ ** Mule 

200 

<40 

<40 

Donkey Blood Not absorbed 

8000 

8000 

8oao 


abs. with Horse 

40 

3200 

2600 


“ ** Donkey 

40 

<40 

40 


“ “ Mule 

<40 

160 

40 

Mule Blood' 

Not absorbed 

3200 

t6oo 

3200 


abs. with Horse 

<40 

80 



“ “ Donkey 

800 

<40 

400 


H " Mule 

<40 

<40 

<40 


The seta were absorbed with erythrocytes as indicated. * vide p (117). 


zoological relationships because of a randomness in the reactions of 
normal hemagglutinins (p. 129), not to mention that, owing to the 
presence of isoantibodies, a serum may agglutinate blood of its own 
and not that of a widely distant species; also, immune hemagglutinins 
may give misleading results on account of heterogenetic reactions. 

On antibodies agglutinating red cells infected with plasmodia v. Eaton 
(3*a)» 

Serological inquiry has extended to almost all component parts of 
the animal body. 1 * The antisera against tissues display to various 
degrees organ specificity and species specificity. Among results on 
species specificity those of Henle on spermatozoa (44) and of Grund 

“Reviews (and bibliography): (33-37); leucocytes (pus, caseous tissue): 
(3S-43); spermatozoa: (36), (43-44); v. (44a); eggs: (36), (44b), (44c), (351)? 
epitbelia, also ciliated; (45-46); brain; (47-J3); brain tumors: (54) ; liver: 
(S5~56); kidney (57-sS). stomach, intestines: (59-61); testicle: (63-63); 
lung: (64); hypophysis: (65); epiphysis: (66); suprarenal gland: (67): pla- 
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with organ juices (77) may be cited. In Table 13 some tests demon- 
strating organ specificity are presented. The term means that a serum 
reacts with homologous organs of unrelated species or differentiates 
one organ from others within a species. 

Table 13. — Complement Fixation Tests with Antisera Produced by 
Injecting Rabbits with Small Quantities op Cellular Material prom 
Cattle 

[after Landsteiner et al. (81)] 


Antigens 

Trachea 

Immune Sera 
Thymus Kidney 

Spenn 

Trachea 

80 



0 

Thymus 

. . 20 

40 

0 

<10 

Kidney 

<10 

0 

8b 

<10 

Sperm 

0 

0 

0 

40 


C “ r — ' -*■ J -• •* « not tabulated and some sera con> 


ra stai causing complete fixation 
1:10 dilution. 


The occurrence of overlapping reactions between various kinds of cells 
from one species is definitely shown by the presence of hemolysins (and 
hemagglutinins) in antisera produced to tracheal epithelia (45), or sperma- 
tozoa (80a) — free from admixture with blood; these antibodies are bound 
by the cells which served as antigens. Hemagglutinins and hemolysins are 
developed also upon injection of serum; 14 further, hemolysin formation can 
be stimulated by urine (80b), and milk elicits antibodies for epithelial cells 
and erythrocytes (45). 


The chemistry of the substances associated with the immune re- 
actions of organs is still in a preliminary stage. Formerly the reac- 
tions were commonly attributed to proteins, without attempts being 
made to separate well defined fractions, and up to now'ionly some 
well characterized organ proteins, already noted, as thyroglobulin, 
insulin, keratin, mucins, hemoglobins, ferritin, have been the subject 
of serological examination. A brief account is given by Witebsky 
(33) °n sharply distinctive reactions of globulins from suprarenal 
gland and pancreas. Organ nucleoproteins asserted by some workers 
to be responsible for specific reactions were found by others to be 
without' pronounced antigenic or reactive properties. 15 


Ref. chapter II C73“79)- l&e reverse, production 01 scrum - 

injecting washed red cells, has been observed, presumably owing to aasor 
proteins. 

"v. (p. 63); (82), (83). 
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Of interest chemically and promising as material for further re- 
search are the serologically active substances extractable by alcohol, 
with the Forssman hapten as paradigm; another well known instance 
is the substance, practically ubiquitous as regards organs, which 
underlies the Wassermann reaction (p. 230). Upon injection of brain, 
Witebsky obtained two sorts of immune sera. 16 Some were species 
specific alone, presumably directed toward proteins, while others re- 
acted with emulsions of alcoholic extracts of brain (and testicle) 17 of 
various animals, a behaviour recalling that of anti-lens sera. A second 
brain-specific hapten, soluble in hot alcohol and present in the pro- 
tagon fraction, was described by Schwab. 18 Other organ-specific anti- 
bodies, reacting with alcoholic extracts, were obtained by injection 
of liver, lung, leucocytes, and so forth, often together with Wasser- 
mann antibodies. 16 

A new method for the examination of tissues consists of the separa- 
tion of particles by differential centrifugation. Submicroscopic par- 
ticles thrown down at 20,000 r.p.m., chiefly consisting of ribonucleo- 
protein and phospholipids (Claude), 20 exhibit species and, to some 
extent, organ specificity; 21 the particles were found to contain “Was- 
sermann hapten” and those from mice and chickens to carry Forss- 
man antigen. Cross reactions between organs, more pronounced in 
complement fixation than in agglutination, were largely eliminated 
by absorption. Sera for brain and liver particles gave overlapping, 
reactions between unrelated species; the brain antigen was excep- 
tional in that it withstood heating to ioo° and was devoid of species 
specificity. Brain particle antisera reacted with alcoholic brain 
extracts. 

Serological distinction of morphologically different parts of a cell 
was demonstrated by Henle et al. with heads and tails of sperma- 
tozoa, separated by sonic vibration. Antigens showing characteristic 
agglutination patterns were detected, one in the tails and two in the 
heads, in addition to a heat stable antigen shared by both (87). 

Experiments of Levit et al. (88) purporting to show that the Y (sex) 
chromosome in Drosophila can be serologically recognized have not been 
repeated by others. Immunological tests on Drosophila species agreed fairly 

” Brandt, Guth and Muller (47); (48). 

"(6*),(6j); V. (si). 

u (84); v. (84a) (extraction with phenol). 

"v (48). 

"(84b); v. (84c). 

“ Furth and Rabat (85), Henle et al. (86). 
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well with taxonomic expectations despite the complex nature of the antieenic 
substrates (whole flies). 22 

Numerous experiments, often unsuccessful or dubious as to the 
specificity of the effects, have been undertaken with the aim of demon- 
strating changes in organs following the injection of organ antibodies 
(cytotoxic effects), 53 a subject which is of theoretical and practical 
importance, to mention only the possibilities of studying organ func- 
tions, inhibition of pathological growth, or sterilization with sera 
against spermatozoa ( 43 )- Definite results in inducing nephritis have 
been obtained by Masugi (92) by means of anti-kidney sera* 4 Evi- 
dence has been adduced to prove that the nephritic changes are not 
caused by a direct toxic effect of antibodies [Kay (9 $)] but the 
original claim is supported by other investigators [Swift and Smadel 
(96)]. With lymphocytes and neutrophilic leucocytes a decrease in 
number was seen following injection of the corresponding antisera 
[Cruickshank (97)]. Anti-platelet sera engender , as shown by ted- 
ingharn et al., hemorrhages simulating purpura hemorrhagica. 23 

Substances which, among other effects, agglutinate sperm and eggs and 
probably perform a part in fertilization exist in the germ ceils of echino- 
derms (also molluscs, annelids). Although having specific properties and 
apparently of protein nature, these substances are hardly, to judge by the 
thermostability of some, closely related to serum agglutinins. 2 ® 

That much attention has been paid to the serology of tumors with 
the atm of developing a diagnostic method for malignancy or even to 
effect immunization against malignant growth is easily understood. 
Reactions (complement fixation) between tumor extracts and the 
serum of patients suffering from malignant disease have repeated)} 
been observed; 27 as it has turned out, these take place with other 
sera too (pregnancy, syphilis, etc.) and the method Is not 
for diagnostic purposes. Immune sera prepared against human or 


0 ^4-36) 5 < &o). For demonstrating cytotoxic effects tissue cultures have also 
been employed (90), (91), (?*)- a i w h v 

"Tikamitu (92a) reported that glomerulonephritis can be produced a 
anti-lung immune sera, v. Seegall et a!. (92b). Cirrhotic changes of th 
have been produced by long continued administration o) liver anusera 
( 94 )- t 

“ tithe ; ^Tyler (100); von Pungern (44b); (iot) (displacement by and 
fertlUsin of complement bound to fertilizing) . 

** Hirszfeld and Halber, Ewing and others. , 
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animal tumors 28 have in general exhibited imperfect specificity and 
have given overlapping reactions with normal tissues, although ac- 
cording to some reports antisera that react selectively with the tumor 
used as antigen and related ones can be obtained, also in animals of 
the species from, which the growth is derived. 

Definite results as regards specificity were secured by Kidd 20 who, 
using complement fixation tests with the serum of rabbits bearing 
transplantable tumors, was able to differentiate sharply from each 
other and from normal tissues the rabbit tumor described by Brown 
and Pearce and the carcinoma (V 2 ) developed after infection of rab- 
bits with papilloma virus; the antibodies against carcinoma V 2 were 
different from those in the same serum which gave complement fixa- 
tion with and neutralized the papilloma virus. The complement fixing 
antigens in the tumors are thrown down within an hour by centrifug- 
ing at 20,000 r.p.m. like the particulate antigens of normal tissue 
previously noted . 30 It cannot yet be said whether these immune 
bodies, which develop much more frequently in one strain of rabbits 
than in others, are really directed against substances characteristic 
of malignant growths, or against the special types of cells which con- 
stitute the tumors, or else whether they might perhaps represent 
isoantibodies developed to cells of the genetically different animals 
in which the tumors arose. 

Obviously, it would be of prime interest if antibodies, such as those 
occurring in the serum of animals with transplanted tumors, could be 
found in the case of autochthonous ones. 

Antibodies neutralizing the causative filterable agents of fowl tumors 
— mostly believed to be exogenous in origin — and giving reactions in 
vitro are produced upon immunization of rabbits and may be present in 
the serum of chickens bearing the tumor. 31 Sera neutralizing the agent of 
filterable sarcomas have also been obtained from birds bearing non- 
filterable tumors, spontaneous or induced by carcinogenic hydrocarbons; 
possibly these tumors are intrinsically related to the filterable tumors. 

The action of anti-tumor sera on, cultures of normal and neoplastic cells 
was studied by Lumsden (116) and Phelps (117). The existence of a 

w ( io 2- jo 7), (1073) 

"(10S); v . Dmochowski (109), Cheever (no). 

*° In sera of tumor-bearing mice complement fixing antibodies reacting with 
alcoholic tumor extracts were described by Hoyle (m). 

"v. Barret (1x2); (1x3), (114); Gye; Andrewes; Dmochowski and Knox 
(115). 
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special tumor protein present in the serum of patients has been claimed 

(u8). ' , 

Differences in cells of individuals of the same species.— 
The principal facts concerning this subject are that normal sera may 
agglutinate or hemolyze the erythrocytes of other individuals of the 
same species, and that on injection of red cells antibodies may be 
formed which by agglutination or hemolysis differentiate the blood 
corpuscles of various individuals within a species. 82 

One would have supposed that reactions distinguishing individuals, 
if they occurred at all, would be much weaker, indeed of a different 
order of magnitude than species specific reactions. That on the con* 
trary they are in many cases very marked is significant, and there is 
another characteristic, namely the existence of well-defined and 
clearly separated types. From these reactions it follows that the celis 
of various individuals of a species contain different substances which, 
however, for the time being, are distinguishable only by serological 
methods. 

A striking example of individual blood differences is furnished by 
the four human blood groups. 81 Their distinctive properties arise 
from the distribution of two agglutinogens in the erythrocytes and 
two isoagglutinins in the sera. The agglutinogens, designated as A 
and B, can be lacking Dr one or both be present in a given individual; 
the serum contains those isoagglutinins which react upon the agglu- 
tinable substances not present in the cells. Hence there results the 
scheme in Table 14. 

Agglutinins for group O cells exist in exceptional human and some animal 
sera. Group A (and similarly AB) can be further divided into subgroups 
(Ai and A2) (von Dungem and Hirszfeld), distinguishable by sera of group 
B (or O), previously absorbed with A2 cells. After such absorptions an 
agglutinin fraction (01) is left in the supernatant which reacts almost se- 
lectively with Aj blood. In rare instances the existence of still other in- 
heritable varieties (A Sl A 4 ), of very weak reactivity with a agglutinins, 
has been demonstrated. 

Phenomena encountered as a cause of error in making blood grouping 
tests when the materials have become infected are the appearance of aggm- 
tinable properties in erythrocytes and the development of hemagglutinins 
in serum, produced by the enzymatic action of certain bacteria. 

— -.1 -j'* »t- 

.. "I- . • • . ’ by Wiener (122), Snyder 

• ■ . M v. (125a)- 
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The blood groups, best named after the agglutinable substances 95 
In the cells, are sharply differentiated, and this is emphasized by the 
fact that the group properties A and B are inherited as dominant 
genetic units. 39 According to Bernstein's theory (127), abundantly 
corroborated, the heredity of the four groups is determined by three 
allelic genes 0 , A, B, as presented in the diagram on page 86. 


Table r* 


Groups 

Agglutinins in 
the serum 

0 

Red blood corpuscles 0 ! groups 
A B 

AB 

0 

aandp 

0 

+ 

• 4 * 

+ 

A 


0 

0 

+ 

+ 

B 

a 

0 

+ 

0 

+ 

AB 


0 

0 

0 

0 


(Agglutination is indicated by the sign +, negative reaction by 0 ) 


In the scheme of the blood groups in Table 14 no account is taken 
of the normal autoagglutinins that act on the red cells of the same 
individual and other individuals of the species, a phenomenon fre- 
quently seen in man and animals (130). Save in certain pathological 
cases, 87 this autoagglutination is perceptible only at low tempera- 
ture 38 and therefore does not interfere with the blood grouping tests. 
In the susceptibility to changes in temperature autoagglutinins are 
similar to the autohetnolysins of paroxysmal hemoglobinuria where 
lysis takes place after chilling of the patient’s blood and subsequent 
warming to body temperature (Donath and Landsteiner ) 39 (p. 102), 

The application of isoagglutination in blood transfusion is based on the 
fact that when the serum of the recipient contains antibodies acting on the 
donor's cells — these critical combinations are evident from a glance at 
the table — the latter are liable to be destroyed with resulting serious 
sequelae. Because of the relatively small quantity of introduced serum, as 
compared with the blood and tissues of the recipient, the donor's antibodies 
are usually not harmful and blood of group O can as a rule be used for 
recipients of any group. 


*’v. (13O. 

" O30); v. (132) (serum proteins precipitating in the cold); see p 350. 
" {133); Mackenzie (133a) (renew). 
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Besides the agglutinogens in the blood cells, related water-soluble group- 
specific substances are present in tissues, body fluids and secretions (p. 232), 
except that in a minority of individuals the secretions, as saliva, gastric 
juice, and the corresponding glands are practically devoid of the substances, 
a condition which is determined by heredity. 

Reactions for blood groups on stains (blood, saliva, semen) are used in 
forensic medicine. These are done by demonstrating either the specific sub- 
stances A and B in absorption or inhibition tests, or the isoagglutinins which 
however do not last for so long a time in the dried state. 

The blood of anthropoid apes contains isoagglutinogens and iso- 
agglutinins indistinguishable from those present in human blood/ 0 
Chimpanzees belong largely to group A, a few to 0 , and in orang-utans 
and gibbons groups A, B or AB have been recognized. Blood of lower 
animals often contains agglutinins reactive with human A or B cells, 
and agglutinable substances, mostly characteristic for the species, 
acted upon by human a or isoagglutinins although different from 
the human isoagglutinogens/ 1 Individual properties demonstrable 
by means of natural isoagglutinins exist in various vertebrates, in 
some instances allowing a classification into groups (not coinciding 
with that of human blood). But the conditions are often more com- 
plicated than with human blood because of the greater variety of re- 
actions and the irregular occurrence of isoagglutinins, and for the 
latter reason the most instructive results have been obtained with 
immune sera/ 3 While at first the use of isoantibodies seemed neces- 
sary, it was soon found that normal and immune sera from a foreign 
species 48 can be successfully employed; here the agglutinins and 
lys'rns active for all the erythrocytes of the species examined must 
first be removed by absorption with suitable blood cells. 

The experiments made on cattle and chickens 44 yielded the re- 
markable result that the blood of almost every single individual can 
be identified, and this seemed to constitute a distinction between 
animal and human blood. As a matter of fact, by using various meth- 
ods numerous individual blood differences can also be demonstrated 


“Landsteiner and Miller (26). {33), von Dungem and HirscMeld (134), 
Troisier (133). The blood of gorillas behaves differently: Candela, Wiener and 
Goss (136). 

41 On the relationship between the blood properties of various animal species 
and of man, v. (134), {137-X40). 

“References maybe found ia (*32), (taj), (141*144). 

“(i45), (*34). (I46-X49). # 

“Todd et al. (rso), (147); v. (sao). 
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in man. In particular, on immunizing rabbits with human blood, it 
was possible to obtain, in addition to antibodies for the agglutinogens 
A and B, agglutinins for three other “factors,” denoted as M, N and 
V [Landsteiner and Levine (15 1)] which are found with equal fre- 
quency in all four groups/ 15 The agglutinogens M and N provide a 
second instance of simple Mendelian inheritance in man. Their he- 
redity is determined by a pair of allelomorphic genes which ^ive rise 
to the three phenotypes M, N and MN. The genes are almost cer- 
tainly located in a different pair of chromosomes from that governing 
the blood groups. ‘ * 

An additional property of human blood (Rh) was recently detected 
by means of immune sera prepared with the blood of rhesus mon- 
keys. 18 The factor is inherited as a dominant Mendelian character. 
It is of clinical importance as it leads at times to the formation of 
isoantibodies upon transfusion [Wiener and Peters (154)] ° r 
mothers lacking the agglutinogen and bearing a child possessing ft. 
Consequently transfusion accidents may happen; moreover, the anti- 
bodies have been found to be the chief cause of erythroblastosis 
fetalis, a blood disease in new-born children [Levine et al. (155)!- In 
this connection it should be mentioned that the agglutinogens A and B 
likewise can stimulate antibodies in individuals not having these 
antigens, following transfusion or during pregnancy. 17 On the other 
hand, it very rarely happens that after blood transfusions antibodies 
against M or P are formed, and no certain cases of human anti-N are 
known. 

With the aid of the individuality reactions exclusions can be made in 
about one third of all cases of falsely alleged paternity. 49 To quote the 
chief instances, the dominant factors A, B, M, N, Rh, do not appear m 
children unless present in the blood of at least one parent, andtM or N 
parents cannot have offspring of type N or M respectively. Also, accor mg 
to Bernstein’s theory, a child of a group 0 parent cannot be AB, and viee- 
versa. In the study of human and animal heredity the individual Dot 
characters have acquired importance because of their easy and unam ig 


ag? * ' . 

ani 

of 

“ Less well-known is the application, based upon the identity of serological 
blood properties in identical twins, as criterion for zygosity. 
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uous determination, constancy under varied environmental conditions and 
the simple genetic mechanism. 

The examination of families has shown that the known blood properties 
are not sex linked and have rendered it reasonably certain that A-B -0 and 
M-N are inherited independently of one another; the same probably holds 
for the factors Rh and P. Consequently, several pairs of chromosomes in 
man appear to be marked by the serological blood characters so far 
recognized. 

Since, with the exception that bloods lacking both M and N do not 
exist, each of the factors named may be present or absent in any one 
blood, there result 72 different types of human blood cells, if one 
counts the two subgroups of groups A and AB. And this does not 
include rare varieties of the properties A and N, subtypes of Rh, and 
reactions with abnormal human isoagglutinins (122) which cannot 
be easily reproduced because of difficulty in procuring the necessary 
reagents. 49 The actual number of individual differences already estab- 
lished is, therefore, certainly much greater. Moreover, not every dif- 
ference need be reflected in the antibodies formed on immunization 
and therefore there is no assurance that all of them will soon, if ever, 
be detected. 

For the investigation of chicken blood Todd used immune iso- 
agglutinins. 'When a number of such immune sera were pooled to 
increase the variety of antibodies, and absorbed with a single blood, 
as a rule the exhausted sera acted on the blood corpuscles of every 
chicken except the one used for absorption. Analogous results had 
been obtained by Todd and White with isolysins and cattle blood. 
Certainly these reactions, apparently exhibiting complete individual 
specificity, are not fundamentally different from those seen with hu- 
man blood and do not bespeak the existence of special properties pos- 
sessed by single individuals, an assumption inadmissible for genetic 
reasons; indeed it was possible to demonstrate serologically defined 
factors in the blood of chickens, 80 and in cattle blood many — not 
less than thirty — factors were identified and their heredity investi- 
gated. 81 One need not then assume the existence of a huge number 
of individual cell substances in one species (v. Loeb) since even a 
moderate number of characters would furnish enough combinations 
(2° for n independent factors) to explain the results of Todd’s absorp- 

"Andresea (158); (122). 

*V. <X49>; Wiener (159), Little (:6o), Hofferber and Winter 
Ferguson, Stormont and Irwin (:6 j). 
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serv 3 tion which indicates a dissimilarity between these and higher species 
with respect to tissue reactions. 5,1 

Racial differences. — The discovery of the blood groups sug- 
gested at once the investigation of serological differences among 
human races. AsL. and H. Hirschfeld (169) demonstrated, the rela- 
tive frequency of the four blood groups varies in different human 
races, and is, to a certain degree, characteristic The most conspicu- 
ous findings among those reported by these authors and in numerous 
subsequent papers, are the predominance of agglutinogen A over B 
in Europeans and Australian aborigines, the inversion of this ratio in 
a number of Asiatic peoples, 53 and the distribution of the blood 
groups in the majority of full-blooded American Indians 00 who be- 
long almost exclusively to group O and, as was found later, have an 
unusually high frequency of M and Rh. Similar differences in the 
distribution of blood properties have been obtained in investigations 
on races of animals. 57 The peculiarities observed, then, do not serve 
to demonstrate the existence of constant differences by which the race 
of an individual could be ascertained but have only statistical signifi- 
cance. In this regard, the serological qualities are comparable to 
other more or less distinguishing but not constant attributes of a race, 
like the color of the eyes or hair, shape of skull, or body height. 

Bacterial antigens and types. — In bacteria various kinds of 
specific substances ** — proteins, complex antigens, carbohydrates — 
have been determined serologically, and there are antigens and haptens 
peculiar to separate parts of the bacterial cell. 59 Certain specific poly- 
saccharides are localized in the capsules of pneumococci and cap- 
sulated bacilli, and differences have been demonstrated in the reac- 
tions of bacterial bodies and fiagella. Tin’s was first discovered in 
an investigation by Smith and Reagh 00 on a flagellated and a non- 
motile strain of hog-cholera bacilli Immunization with the latter 

“On individual differences in protozoa v (167), on self-sterility (16S) 

“eg . about 39*7. A. S% B. SO*o O, AB in Englishmen, u)% A, 41% B, 
31% O, 9% AB in Hindus {from ino representative reports) 

“(170-173). Matson (174) found m two tnbes of American Indians a fre- 
quency of group A as high as 76% and 83^ A rare blood property was detect- 
able in 7<? 0 of American negroes and in Jess t)un 1% of white individuals (175). 

" (176-177). (ifal 

“These are dealt with m other sections (pp 33, sio) 

“Reference should be made to the interesting discussion by Toplcy and Wil* 
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variant gave rise to low titred immune sera which agglutinated both 
strains and brought about compact, granular agglutination; sera made 
with the motile strain caused the formation of large, fluffy aggregates 
and contained two agglutinins separable by absorption, one identical 
with the antibody for the non-motile strain, the other agglutinating 
only the flagellated bacilli. Similar observations were subsequently 
made with many other motile strains. The usual distinction based 
upon these findings of one somatic ( 0 ) antigen and one flagellar (H) 
antigen, sharply separable and distinguished by the thermolability of 
the latter, appears to be oversimplified in view of later studies includ- 
ing the examination of separated flagella and “stripped” cells.* 1 

Both the somatic and flagellar antigens are liable to variation. Fre- 
quently, typical “smooth” (S) forms of bacteria produce rough (R) 
variants, mostly avirulent and showing granular growth, and this 
goes along with a change in the reactions of the somatic antigens* 2 
(p.215). 

Other variations involve the flagellar antigens. As Andrewes (186) 
observed, when a bacterial culture cross-reads with a second motile 
strain of the same organism, one may be able to isolate on jflates 
colonies which possess only an agglutinogen of their own, and others 
having instead an antigen shared by both strains and responsible for 
the cross reaction of the original cultures, and in the further cultiva- 
tion of the two variants of such “diphasic” strains conversion of the 
specific phase into group phase, or vice versa, often takes place. 
In addition to this, a variation of H antigens was recognized in the 
Salmonella group which consists of the interconversion of two specific 
phases (a, ft phase ). 03 

Flagellar and somatic antigens appear to be concerned in the agglutina- 
tion by add, and the pH optimum at which bacteria flocculate is in some 
degree characteristic, so that typhoid and paratyphoid bacilli, for instance, 
can often be distinguished by acid agglutination® 4 Overlapping of the 
agglutination zones and variation within a species, however, prevent a 
practical application of the method. 65 

Apart from the variations described and still others not here touched 
upon, considerable complication in serological practice arises from 


different, eo-catied , forme ,r,e deeded 

by White (185), (183). 


“Kauffmann et at (187). 

“ Michaeiis; v. (188), (189). 
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the existence of serological types which would seem to be similar in 
biological significance to the serological differences within animal 
species, even granting that the species concept is less definite in bac- 
teria than in sexually reproducing organisms, 88 While bacteria which 
are distinguishable on morphological and biochemical grounds can be 
differentiated readily by serological means, as can animal cells of va- 
rious species, the converse does not always hold; frequently bacteria 
which are otherwise alike or very similar in many respects and classed 
in one species exhibit antigenic differences, and here again their 
sharpness is striking. Such types have been found in many micro- 
organisms (cocci, bacteria, clostridia, etc.), 67 and in some bacteria a 
large number of varieties were discovered. The immunological prop- 
erties may be the sole criterion for distinguishing the types or be 
associated with differences in cultural and pathogenic behaviour. 

Positive proof of the existence of pneumococcus types, which have 
assumed prominence in the study of bacterial antigens and in sero- 
therapy, was given by Neufeld and Haendel (200) who found that 
immune sera which protect mice against certain strains of pneu- 
mococci are ineffective for other strains, and that these strains can be 
differentiated as well by agglutination reactions. A classification which 
subdivided pneumococci into three main types and a group compris- 
ing all other strains, resulted from the careful investigations of Cole 
and his coworkers. 6 ’ Many of the types in the last named group have 
since been serologically defined (Cooper), and in a recent paper about 
fifty types were listed. 68 

The chemical basis for the type differences between strains of pneu- 
mococci is known since Heidelberg£r, Avery and Goebel (203) in 
fundamental studies showed that in the capsules of the three classic 
types there exist an equai number of carbohydrates of rather high 
molecular weight that are sharply differentiated by precipitin reac- 
tions (p. 210). On the other hand, all strains, as far as could be 
ascertained by serological tests, contain identical or very similar pro- 
teins. Polysaccharides are now recognized as carriers of type speci- 
ficity in many microbes (B. Friedlander, staphylococci, meningococci, 
gonococci) but proteins, too, have been found to underlie certain type 
distinctions, as in fusobacteria [v. (204) J, staphylococci (205) and, 
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hange of smooth and rough forms, one might suppose that poly- 
accharides are not so intrinsic a species character of bacteria as are 
he somatic proteins. Such a conclusion follows in any event from the 
existence of substances other than typical proteins (p. 231) which are 
itrikingly different in individuals of the same animal species and 
herefore, although conditioned by heredity, appear to be of less con- 
■equence than proteins in determining structure and function. An 
nteresting parallel among others is the great variety of flower pig- 
ments, their genetically determined diversity within the species, and 
he occurrence of the same or similar pigments in different species of 
plants. 15 

Variability of bacterial enzymes is often encountered yet certain en- 
zymatic activities are characteristic for a species, and fermentation tests are 
commonly used in the diagnosis of bacteria. 

Heterogenetic reactions. — The occurrence of serologically re- 
lated substances — some recognized as non-protein haptens in 
animals that are widely separated in the zoological system became 
manifest from an experiment by Forssman 13 which showed that upon 
injection of guinea pig organs into rabbits, Jysins of high titer were 
formed for sheep blood. The so-called Forssman substances, char- 
acterized by capacity for giving rise to sheep hemolysins, were then 
found in numerous animals, in the organs or erythrocytes, or in both 
(sometimes in the serum), and even in bacteria. The presence or 
absence of these antigens in the cells of an animal is, as a rule, an 
attribute of the particular species Schiff and Adelsberger, 7 * however, 
observed that a substance related to the Forssman antigen exists in 
human blood only in individuals having the agglutinogen A since 
some of the Forssman immune sera react with cells of groups A or AB, 
but not of O or B and, conversely, immune sera specific for A blood 
hemolyze sheep celts. This fact established a connection between the 
substances underlying heterogenetic and individual reactions of ani- 
mal cells. An individual variation supposed to have arisen as a genetic 
mutation, namely, the absence of the Forssman antigen from the blood 
corpuscles of one sheep, has been described by Mutermilch (221)- 


”v. Lawrence and Price (212); Haldane (21.3). . . 

(214). Myers fare) (216), (317), v review by Buchbinder (-*W The 
rTw.V.y_’ h-, v , often been used to designate 
. . of similar instances have been 

■ ’log)’ generally to reactions of 
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The distribution of the antigen among animals 15 usually regarded 
ns solely random;” it Is present in guinea pigs but absent in other 
rodents (rabbits, rats) and occurs fn distant species (horse, cat, 
chicken, etc.). Nevertheless, there undoubtedly exist regularities, 
because fn the author's investigations 7 * Fnrssman antigens were 
found in the organs of all the Felidae examined (tiger, puma, lion, 
ocelot, cat), in Procyonidae (Cercoleptes caudivolvulus, Procyon 
lotor) and Canidae (American grey wolf, fox, Lycaon pictus, dog); 
yet with the same technique 7T they could not be demonstrated in 
primates (chimpanzee, siamang gibbon, Papio hamadryas, Macacus 
rhesus, Fresbylis ma urus Ccrcoccbus fulginostis and albiecns, Py- 
gathrix cristata, two species of Ccbus, Hapala jacchus), except for 
species N'yctipithecus trivirgatus belonging to a special genus or sub- 
group, the single species of femurs examined, and one dubious result. 
Similar correlations have been met with in the examination of bird 
eggs by Sievcrs (Jsyj.andby Strcng with fidies (fish muscle) (224). 
The presence of the I'orssman antigen is therefore peculiar not only 
to species, but also to certain genera and families. 

This result has general bearing inasmuch as other properties defined 
by hctcropliilc scrum reactions exhibit regularities in their distribu- 
tion. The /J-ngglutinin of normal human sera of individuals of groups 
O and A, which acts on blood cells of groups II and AB and, as von 
Dungcrn and Hirszfcld demonstrated, also on many animal bloods 
(rabbit, cattle, etc.), was found to react with the blood of 12 species 
of American monkeys (Platyrrhinae) representing 7 genera, and 6 
species of lemurs, while the property defined by the agglutinin was 
not detected in 18 species of Old World monkeys (Ccrcopilhecidac) 
belonging to 4 genera. 7 * Thus it seems that the substances sensitive 
to the ^-agglutinins run in entire families or genera of animals. This 
is illustrated in the following diagram by Keith upon which some of 
the specific factors (A,B, 0 , M,N) in the blood of primates have been 
entered. 

Another hctcrogcnctic system was found by Buchbmdcr 
who injected rabbits with bacteria of the hemorrhagic septicemia 
group and obtained a hemolysin that dissolves the blood cells 0 


*v. (jjj). 

n Carried out in collaboration with Dr. H. Fox. , . tw 

"The experiments were performed with extracts *hich been PWP 3 n 
heating the organ materia! with alcohol. The sera u<ed d»d not wact-'Mth 
blood A. 

"Landsteiner and Miller (225). 
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many species of birds but not, on the contrary, the erythrocytes of 
mammals. 

Evidently, then, the occurrence of immunologically similar sub- 
stances in the cells of unrelated species is not limited to Forssman 
antigens. The wide range of the phenomenon is further indicated by 
group reactions, which were discovered through employment of im- 
mune sera and emulsions of alcoholic blood extracts (p. 100), be- 



tween the species Macacus rhesus-pig, horse-rat, man-dog-pig, cat- 
horse, human blood A-cattle, rabbit and a type of pig blood. 79 Other 
relationships between antigens have been detected by absorption ex- 
periments with hemagglutinins of norma! sera (p. 12S) and a per- 
tinent case is the occurrence of “A substances” in horse saliva and 
commercial pepsin preparations (p. 232). 

. With the findings on blood corpuscles may be ranked heterogenetic 
cross reactions of microbes, mostly due to polysaccharides, 80 which 
were found to occur not only between Streptococcus viridans and a 
type of pneumococci ( 232 ) or strains of dysentery and coli bacilli, but 
between such different forms as; yeast and gram-negative bacteria ; 81 

** (227-230), (220). 

*" Hctcrogcnctic reactions between pneumococci and gonococci or menlngo* 
cocci described by Boor and Miller are attributable, according to these authors 
partly to carboh>dratcs, partly to nuclcoproteins (231). 

" (233-*3 s)» 
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Fricdlander bacilli B and Pneumococcus II; 83 certain pneumococcus 
types and various organisms (yeast, a strain of Bact. coli, leuconostoc, 
Bact. Jepisepticum, types of salmonella, influenza bacilli 53 ); Shiga 
bacilli and enterococci (240); Bact. proteus X19 and rickettsiae. 
The similarity of the polysaccharides contained in the last named 
microorganisms appears to be responsible for the Weil-Felix reaction 
in typhus fever and Rocky Mountain spotted fever (pp. 221, 223). 

That relationships exist between antigens of bacteria and blood 
corpuscles, as evidenced by the formation of sheep hemolysins upon 
injection of certain bacteria, is still more remarkable. Thus Forss- 
man antigens, first detected in strains of dysentery and paratyphoid 
bacilli, 81 B. Icpisepticus, and pneumococci, 83 were shown to be con- 
tained in a variety of bacteria — Neisseria catarrhalis, B. welchii, 
B. megatherium, B. mucosus, etc/' 1 In the same'eategory are agglu- 
tinogens of human (and rabbit) blood which react with horse sera to 
Pneumococcus XIV, 87 and anti-dysentery goat sera, the latter some- 
times agglutinating preferentially red cells of group 0. M 

The possibility that bacteria acquire reactive substances (agar, group A 
substance) from culture media must not be overlooked/ 11 This possibility, 
while probably an occasional cause of mistakes, cannot account for the dif- 
ferences in the hcterngenetic antigens of various microbes, and moreover 
such antigens have been demonstrated in bacteria grown on synthetic media 
( 253 )- 

As explanation for the frequent heterogcnctic reactions of cell an- 
tigens the suggestion may be offered that these reactions depend upon 
the special chemical nature of the haptens. Whereas proteins are 
built up from many different amino acids, the carbohydrates which 
determine the specificity of numerous bacterial antigens have a high 


”(236-237)- 

M Jijama; ^Fujita; K. Meyer, bibliography in (241)! Shorb and Bailey ( 2 4 J )- 

■* Shorb and Bailey; Rockwell and van Kirk (246). Forssman - 

reported to be present also in plants (247)* (246) Its occurrence j X 
pollen is disclaimed by Arbcsman and Witebsky (24S). 

*' ( 249 )> ( 2 So)- . , . , , 

"Eislcr; Schmidt-Schlcicher (251); (252). 

w (pp 217, 233). Schiff (233); Bliss, Goebel (254)- . lion by 

Some of the cross reactions of pneumococci have been called in q 
Neler on that account (239b). ’ . j ed f ro m 

It is stated by Holtman (25s) that helerogcnetic P r °f* r j * 5 *f_ q 
media or animal hosts are retained through a number of sub-cuitures 



CELL ANTIGENS 


99 


molecular weight, yet, as far as is known, each of them contains but 
a few different "building stones.' 1 Consequently, the chance occur- 
rence of similar specific groupings giving rise to overlapping reactions 
is much more likely in polysaccharides than in proteins where speci- 
ficity, one may assume, is determined by more complicated struc- 
tures. Similar reasoning may apply in the case of animal haptens. 

Heterogenetic reactions do not signify that the same substance is 
present in the serologically similar materials. It may suffice to men- 
tion differences in the group substances A and B (2 56a,b) and in the 
paradigmatic Forssman antigens. In absorption and immunization 
experiments, and also by comparing various immune sera,® 0 it has 
been demonstrated that the Forssman reactions, which possibly de- 
pend upon the presence of relatively small characteristic groupings, 
are due to similarity rather than to identity of the respective sub- 
stances. Differences between the antigens in sheep blood and human 
blood A were observed by Schiff and Adelsberger (p. 115), and the 
distinction between the antigens in chicken and sheep blood appears 
from the dissimilar properties of immune sera prepared with these 
two kinds of blood (217). Another instance, investigated recently, 
is the peculiar behaviour of the heterophile antigens in mouse tissues 
(256c). 

1 Table 16 


Immune sera prepared 
toy injection ol 


Emulsion of alcoholic extract of 


Human 
blood 
(group A) 

Horse 

kidney 

Sheep 

blood 

Chicken 

blood 

Hog 

blood 

Human blood (group A) 

+++ 

0 

+± 

0 


Horse kidney 

0 

++± 

+++ 

++ 


Sheep blood 1 

+++ 

+++ 

+++ 

++ 


Sheep blood 2 

0 

++± 

+++ 

+ * 

+± 

Chicken blood 1 

0 

± 

+++ 


+* 

Chicken blood 2 

0 


-H-+ 

+± 



As evidence, the following experiment (227) may be cited (Table 
16) in which emulsions of alcoholic extracts were tested for floccula- 
tion with a number of immune sera, all of which have in common the 
capacity for hemolyzing sheep red cells and flocculating alcoholic 
extracts of sheep blood, yet differ markedly in their action upon 
various fnaterials containing Forssman substances. 

A more comprehensive table including bacterial Forssman antigens 
cf. (256). 
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and lysins is given by Shorb and Bailey. The bacterial lysins are 
bound in all cases by sheep blood and the homologous strain, but in 
their absorption by other bacteria containing Forssman antigens 
they are unlike so that most of them , if not all, must be different; w 
only some of the strains are capable of absorbing the bulk of the 
, lysins produced by injection of animal material, as horse kidney or 
sheep blood. 


Of clinical -significance as an aid in the diagnosis of infectious mono- 
nucleosis are agglutinins (and lysins), frequently of high titer, for sheep 
and beef blood which occur In the patients’ sera. 02 These antibodies have 
been ascribed to the antigenic effect of substances, present in the causative 
agent of the disease and similar to substances contained in erythrocytes, 
but the suggestion has been made (without experimental evidence) that 
the agglutination may be caused by the virus itself (p. 5). 

The fact alone that beef cells are affected separates the mononucleosis 
antibodies from typical Forssman antibodies, 03 and while the reactive sub- 
stances in beef and sheep cells resist boiling, as do the typical Forssman 
substances, they are not, like the latter, dissolved by alcohol (258). Further, 
the antibodies are not absorbed by tissues containing the common Forssman - 
antigen (guinea pig kidney). 

Agglutinins of heterogenetic origin arc found in tbe serum of patients 
after therapeutic administration of horse or rabbit serum, as in cases of 
serum sickness . 01 The agglutinins act upon various erythrocytes — horse, 
rabbit, sheep, ox, etc. — an indication of the presence of similar antigens 
in the sera of the horse and rabbit and in various erythrocytes (259)- AP - * 
parently, the sheep agglutinins found in normal human sera, cases of mono- - 
nucleosis, and serum sickness are all different. 

In connection with these findings of medical interest, the occurrence Of 
Forssman antibodies in a human case of Streptococcus viridans infection 
(263), and in the serum of rabbits infected with trichinae will deserve 
notice (264). 

Antigenic activity of non-protein cell constituents.® - ' 

The antigenic activity of alcoholic extracts of animal cells and bac- 
teria have been referred to briefly, and this is to be supplemented by 
citing the observations of K. Meyer 36 on reactions and immunization 


Jungeblut and Ross; K Meyer; Shorb and Bailey (242). 

"Paul and Bunnell (257). „ _ , , . . 

■ *' Stuart et a!.-(2S8), SchiS <259). Bailey and Raffel ,®“ r J fj 

M Hanganutziu, Deicher, Davidsobn, Bailey and Raffel, Stuart et - t 
Schiff (259). 

“ Cf. chapter VI. . . . . » , , R s . 

’ '**(265); (266) (serology of echinococcus infection); (207,1, 12007. 
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effects of alcoholic extracts of tapeworms and tubercle bacilli lipids 
(269). In view of the strong reactions between antisera and some of 
the substances soluble in organic solvents one would have expected 
that with these preparations immune sera could be produced without 
difficulty. Hence it was puzzling that such lipid fractions were found ' 
in several instances to incite much weaker immunization effects 07 
than the original antigens even though in others the results were plain. 
In this way, uncertainty prevailed with regard to the antigens of blood 
corpuscles. Bang and Forssman (4) obtained hemolysins by inject- 
ing ethereal extracts of red blood corpuscles and therefore concluded 
that the antigens were lipoid in nature. The hemolytic action of the 
antibodies obtained by blood injections, however, was not neutralized 
by the extracts; and the immunizing effect, weaker than that with 
intact blood corpuscles, was not reproducible in the hands of several 
workers (272). Consequently, it was still possible to attribute the 
formation of antibodies to traces of proteins in the extracts. 

New investigations were suggested by the preparation of artificial 
complex antigens from proteins and non-antigenic compounds (p. 
156). It seemed reasonable to assume that the structure of the cell 
antigens under discussion was similar in principle. The Forssman 
antigen, already dealt with, proved to be suitable for testing this 
hypothesis. From organs, as horse kidney, a specifically reacting 
material can be extracted with alcohol 08 and finally obtained free of 
protein, but despite its high affinity for Forssman antibodies the 
alcoholic extract alone has only slight immunizing power. 03 The ap- 
parent contradiction was explained when, on the basis of the pre- 
sumed analogy to conjugated antigens, it was found possible to re- 
store the original immunizing capacity by adding antigenic protein 
to the specific substance extracted with alcohol. 100 When mixtures of 
such extracts and serum from a foreign species were injected into 
rabbits, active sheep hemolysin was formed quite regularly, in addi- 
tion to antibodies against the injected protein. 

This method, designated by Sachs as “Kombinationsimmuni- 
sierung,” was found to be rather widely applicable and has been used 
for extracts of organs such as brain, testicle, etc. (p. m). The im- 
munizing effect of alcoholic blood extracts is likewise considerably 


"v, Sachs and Klopstock (2*0), Ninni (271). 

“Doerr and Pick (273), Georgi (274). 

"Sordelli ct al (273). Landsteiner (276), Taniguchi (277). 

*" Landsteiner (276), (278). The effect is influenced by the protein usedf and 
the manner in which the injection mixture is r red. -171)^(279). 
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increased by the addition of protein. 101 Horse hemolysins so prepared 
were neutralized by the blood extracts, and the immune sera gave 
specific flocculation reactions with emulsions of the extracts. In pur- 
suing this investigation it was found that ordinary species specific 
immune sera, prepared with unaltered blood cells, not infrequently 
give complement fixation with and flocculate emulsions of alcoholic 
extracts of blood. 102 

Among the results obtained with the “combination method” the 
work of Sachs, Klopstock and Weil (287) on the Wassermann reac- 
tion in syphilis is to be noted. This test is based upon the fact that 
sera of syphilitic patients give complement fixation (and flocculation) 
reactions with extracts of organs containing syphilis spirochaetes as 
well as with alcoholic extracts of practically any normal organ ,01 
(p. 230). Immune sera of like properties, Sachs and coworkers 
showed, can be obtained in rabbits by injections of alcoholic extracts 
of organs of rabbits (or other animals) when mixed with heterologous 
serum. 104 These authors maintained, therefore, that the antibodies 
effective in the Wassermann reaction are produced in consequence of 
an “autoimmunization” with components of pathologically altered 
tissues aided, perhaps, by proteins of the syphilis spirochaete (Weil • 
and Braun). The specificity of the reaction for syphilis (and for 
leprosy and framboesia) is more easily understood if one assumes 
that the Wassermann reagins are antibodies engendered by the 
spirochaete and give overlapping reactions with organ extracts owing 
to the presence of chemically similar substances, probably lipids, in 
both spirochaetes and animal tissues; this view is advocated by Eagle 
on account of absorption experiments with culture spirochaetes. 

In the case of the autohemolysin which is responsible for the blood 
destruction in paroxysmal hemoglobinuria, 105 a disease almost in- 


*" (280-282}; cl. ( 283 ). On antisera lor the group specific substances of bu- 
et aifg'sr), Bordet and Renaux (285), Mb and WHebsky 

108 On Wassermann reactions after injections of milk, v. (288). ti ec Jen 

’“Several similar experiments in human beings were not succes , 

(289) had positive results [v. (299)]. _ , . . c ( 2Q i) 

300 v. Eagle and Hogan (290); Gaehtgens; ? et £ passer- 


104 Donath and Landsteiner {29s). By injecting . .. 

with protein, Oe. Fischer (296) was able to stimulate the torm 
hemolysins in rabbits; v. (297-298). 


iod mixed 
of auto* 
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variably syphilitic in origin, the first hypothesis is more probable 
because of the specificity of the lysin for human blood. The opinion 
sometimes offered that it is merely the presence of unstable globulins 
which causes the Wassermann reaction would seem to be contradicted 
by the analogy in the methods for producing Wassermann reagins 
and Forssman antibodies by means of alcoholic organ extracts. 107 

The possibility of immunizing animals with substances derived from tis- 
sues of their own species (p. 61) was further demonstrated by Lewis 
(306) who obtained brain-specific antibodies upon injecting rabbits with 
alcoholic extracts of rabbit brain along with foreign proteins, and by 
Schwentker and Rivers (301) directly with autolyzed brain or brain emul- 
sions from rabbits infected intracerebrally with vaccine virus. 108 Bearing 
upon this subject are observations by Halpern (304), and immunization of 
animals to lens 100 and spermatozoa 1,0 of their own species 

The combination method gave certain immunization results which 
were not obtainable otherwise. Apparently antibodies with special 
properties are sometimes formed when the inciting substances are 
separated from the natural antigenic complex. 111 For instance, im- 
mune sera produced with alcoholic extracts of horse blood had a 
higher ratio of lysins to agglutinins than common antisera for horse 
blood (280), and sera made in a similar way with extracts of human 
blood of groups O and B neither agglutinated nor hemolyzed appre- 
ciably the intact blood cells but reacted with blood extracts in com- 
plement fixation tests. 112 

In general, it has been found that immune sera do not always convey a 
true picture of the structure of cell antigens. Certain antibodies are more 
readily formed than others; thus species specific hemagglutinins or lysins are 
regularly produced by immunizing with foreign blood, while it is often not 
easy to prepare immune sera which define individual properties, and some 
of these entail greater difficulties than others 115 Besides, specific substances 
have been seen to interfere with each other in their antigenic action, e g., the 
highly active Forssman substance may inhibit the formation of antibodies 
against other specific substances. This interference, which German writers 

,DT The various hypotheses on the Wassermann reaction and other aspects of 
this subject are reviewed in (299) 

Injection of rabbits with autolyzed rabbit kidney cave no definite evidence 
f-— -*■- ' .' 1 • .•<• •. w er c obtained with mixtures of 

). 

*“y (299). (87). . 

“(2S4), (30S); v. (256). 


v. Irwin et al. (309). 
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have termed "Konkurrenz der Antigene” (competition of antigens), 114 does 
by no means occur regularly when several antigens are injected at the same 
time, 115 as may be seen from the use of multiple antigens in the preparation 
of therapeutic sera. However, the phenomenon was demonstrated beyond 
dispute by Doerr and Berger (325) who showed that a large quantity of 
euglobulin suppressed anaphylactic sensitization to a small amount, simul- 
taneously injected, of a less active antigen, i.e. serum albumin; in the con- 
verse experiment the response to euglobulin was not hindered even by a 
hundredfold dose of albumin. The properties of immune sera depend, more- 
over, upon the species and the individual constitution of the experimental 
animals, and the response of the same animal can be quite different with 
various antigens. 118 Experiments by Witebsky 117 and others are instruc- 
tive: It was found that no potent agglutinins for human A cells were formed 
when group A blood was injected Into rabbits whose tissues and serum con- 
tained substances related to the agglutinogen A. and whose serum conse- 
quently had not much or no natural anti-A agglutinin. As Wheeler, Sawin 
and Stuart established, the occurrence of A substance in the tissues of rab- 
bits is inherited as a dominant Mendelian factor, and In an inbred strain 
lacking this character sera with uniformly good titers were secured upon 
injecting with human A erythrocytes. 118 From studies of the same authors 
the capacity of rabbits to produce antibodies for the M-antigen in human 
erythrocytes appears to be inheritable; here, however, the lack of this ability 
could not be traced to the presence of M substances in the animals. 

The fact that the antibodies produced in guinea pigs with human blood A, 
in contrast to anti-A rabbit sera, do not react with the Forssman substance 
in animal organs is explained by the presence of Forssman antigen in the ani- 
mals immunized. 110 As was demonstrated in experiments previously quoted, 
however, the rule that antibodies are not formed against substances present 
in the animal used for immunization is not entirely valid (pp. 61, 102) ; some 
apparent exceptions are explicable by minor specificity differences between 
the antigens (e.g. group A substances) in the immunized animal and tie 
material injected. 

_ (310), (37), (282), (3H'3i3). (236); ( 3 7 4 ) (mutual infloence of azopro- 

-r -wW : n vitro by other haptens pres- 

of complement fixation and 


for instance, Gibson and Banzhaf (326) (immunization of horses with 

Van »’ Witebsky (327), Wheeler, Sawin and Stuart (328), Mdereen (32^.^. 
(330). As has been pointed out, only a few of the immune sera p 
Forssman antigen react with A-blood. ,, . :nn ^ P _c dove 

“* ( 33 i). (328) On variations in antibody response to agglutinogens in 
erythrocytes v. Irwin et al. (309) ; on protein antibodies v. ( 33 ra b 
”*(332); v. ( 333 ). (222). 



CELL ANTIGENS 


10$ 


The author’s assumption that immunization with hapten-protein 
mixtures is <iue to a loose combination with antigenic protein wds 
based on the observation that protein from the same species, which 
has no immunizing effect, could not be substituted for that of a for- 
eign species. 120 Furthermore, if the two substances were injected 
separately instead of mixed, no significant immunizing effect was 
obtained and, on the other hand, protein-lipid precipitates proved 
particularly suitable for immunizing, 521 Also, Doerr and Girard 
($38) found that protein which has lost its antigenic power by treat - 
ment with alkali does not produce the effect. Objections to the above 
interpretation were raised by Sachs. 122 In his opinion the antigenic 
property of the proteins added is not the significant thing, the foreign 
protein merely serving to carry the specific substances into the cells 
in which the formation of antibodies takes place. Gonzalez, Ar- 
mangue, and Romero (340) in fact were able to prepare potent 
Forssman antisera in another way than by the addition of foreign 
proteins, namely with the use of adsorbents like kaolin or charcoal. 
Analogous results with bacterial haptens were reported by Zozaya. 12 * 
Whilst the latter experiments could not be reproduced with purified 
polysaccharides, the author and Jacobs, and Plaut and Rudy, using 
Forssman ’s hapten, and extracts of brain, had no difficulty in repeat- 
ing the experiments of Gonzalez and Armangue. 124 It was found, 
however, that after a certain degree of purification the Forssman 
substance no longer could be activated in immunization experiments 
by adsorption on to kaolin but could still be rendered antigenic by 
adding serum Plaut and Rudy had similar results with cholesterol us 
fp.,i 11), and Armangue and Gonzalez failed to prepare immune sera 
in rabbits by alcoholic extracts of rabbit organs adsorbed to kaolin. 
Hence it would appear that the effects of proteins and various ad- 
sorbents are not equivalent. The latter effect may be attributable to 
enhancement of the weak immunizing capacity of alcoholic extracts 
of Forssman antigen and similar substances, 129 comparable to the 

“ v. Doerr and Halhuer (334), Sachs (33 5); (336). 

,n Ccsari (336). Eagle C337>- 

^< 339 ). (256). 

(34*), (34a). 

”'(143). <344); v. <345). (345a). 

,s * Mutnars reported positive results; tests for specificity are not mentioned 
<34fiL 

^{272), (280); v (347). (348). (283), (349). (314), (3S0), (351). The 
output of sheep hemolysins was markedly increased when Forssman hapten was 
injected in mixture with arsphenatnine and other chemotherapeutic drugs (352). 
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observations of Ramon and Glenny on the increased yield of antitoxin 
when toxins are injected along with alum, tapioca or tannin. 127 Sim- 
ilar experiments have been made with proteoses (p. 45), by Seibert 
with tuberculin ( 357 ), by Caulfeild with pollen extracts (358), with 
serum proteins and hemoglobins. 123 The factors which may be oper- 
ative in these experiments are slow absorption and delayed removal 
of the injected material, the particulate state and consequent engulf- 
ing of the particles by the cells producing antibodies, and the stimula- 
tion of cell activity. 150 As regards the immunization with the aid of 
added proteins, the original explanation that, by combining with 
haptens, proteins impart their antigenic property to the complex is 
still the most probable one. Apart from the reasons already stated, 
there is the fact that with simple chemical substances the production 
of antibodies could be induced by combination with proteins but not 
with the use of adsorbents. ' 

The immunization experiments with alcoholic extracts favour the 
said concept 130 that there exist natural complex antigens which, like 
those prepared artificially, consist of two parts: the, one a protein 
essential for the formation of antibodies, and the other a substance 
(hapten) which reacts specifically in vitro but whose capacity jo im- 
munize is wanting or inconsiderable as compared with its binding 
power. Additional evidence is the marked difference between foreign 
organs and organs derived from the same species in the stimulation 
of antibodies against haptens. This is well demonstrated by the be- 
haviour of brain substance. Unaltered rabbit brain does not stimulate 
antibodies in rabbits but foreign brain engenders immune sera which 
react also with the hapten prepared from rabbit brain, a result reason- 
ably attributable to dissimilarity of the proteins. 

In so far as the specific substances in alcoholic extracts of red cells and 
animal tissues are concerned, these arguments are not invalidated even 
though some of the substances in question, for instance those extracted from 
eggs, 131 worms, 182 and several bacteria, 133 especially acid-fast bacilli, were 


m Ramon et al (353), Glenny et al. (354). Pn ’SS e (355)> ^ reun<1 
Hektoen and Welker; Holford et af (359)- . _ , , re-rfft 

This interpretation will apply to the subsidiary influence of to I , 
and Schultz (360)], and of the dead cells or lipids of tubercle bacilli [Sabin an 
Joyner (361)]. 

"“Landsteiner (276), (278), Taniguchi (277). 

“(3Si); v - (362) (brain). 

”(363); cf. (268). 

Bibliography in (271), (299), (364)- 
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said to show definite antigenic activity without the addition of proteins. 
The active principles in alcoholic extracts of tubercle bacilli appear to be 
lipids (v. p, 225) which are capable of eliciting antibodies different from 
those obtained with the protein or carbohydrate fractions. 534 

An unexpected development in the subject of bacterial antigens 
was brought about by the analysis of the specific substances of pneu- 
mococci. In investigations of Avery and Heideiberger 135 it was dis- 
covered that injection of intact pneumococci leads to the production 
of type specific antibodies which not only agglutinate the cells but 
precipitate the polysaccharides present in the S form of the respective 
types. Cocci disintegrated by autolysis, bile, or freezing and thawing 
give rise to another sort of antibody; such sera act neither on the 
capsulated forms nor on their carbohydrates, but agglutinate the R 
forms which are devoid of capsules and type specific carbohydrates, 
and precipitate the species protein common to the S and R forms of 
the various types. (Such antibodies are induced also by the S forms.) 
In the experiments of the authors cited, the polysaccharides them- 
selves did not give rise to antibodies in rabbits or anaphylactic sensi- 
tization in guinea pigs, and later investigators, working with carbo- 
hydrates of other bacilli, obtained conformable results. Hence, these 
carbohydrates seemed to be haptens which possess antigenic activity 
only when combined with proteins, or perhaps other cell constituents. 

The scheme, shown below, illustrating these relations was offered 

Pneumococci 

Type I [EKE! 3 



P represents protein, S the type specific carbohydrate. 

tentatively by Avery and Heideiberger (369), but it is now thought m 
that antigenicity of the capsular substance may be mediated by com- 
ponents other than, or possibly in addition to somatic protein. What- 
ever the ultimate solution of this problem may be, it is of great inter- 

“*(365). (3&6) Increased activity upon addition of protein was found by 
Nmni (366a). 

”•( 367 ). ( 368 ). 

Personal communication from Dr. Avery. 
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est that Goebel and Avery (370) succeeded in converting the poly- 
saccharide of Pneumococcus III into a full antigen by attaching it 
to serum globulins by means of a method to be described later (p. 
176). When injected with this product, rabbits became immune to' 
virulent Pneumococcus IJI, and the serum of the animals precipitated 
the unaltered polysaccharide, agglutinated the pneumococci and 
protected mice against infection with these microorganisms. 

Mere admixture with protein does not suffice to confer antigenic prop- 
erties upon bacterial carbohydrates. Antibody production with typhoid 
polysaccharide, after precipitation with immune sera, was claimed by 
Spassky and Danenfeldt (371), but similar experiments of Partridge and 
Morgan (371a) were unsuccessful. 


Polysaccharide containing preparations that elicit immunity re- 
sponses, especially in mice, have subsequently been recovered from 
pneumococci by a number of authors, 137 and Francis and Tillett ob- 
served that the polysaccharide of Pneumococci I, as originally pre- 
pared, which has no demonstrable antigenic activity in rabbits, gives 
rise to antibody formation when minute amounts are injected intra- 
dermally into human beings. 138 

An antigenic substance separated by Enders from Pneumococcus 
I, the reaction being kept on the acid side during the preparation, was 
found by Pappenheimer and Enders (379) to be related to the spe> 
cific polysaccharide, and these authors suggested that the latter sub- 
stance may represent a hydrolytic product of the former. Actually, 
Avery and Goebel (375) obtained from Pneumococci I an immuniz- 
ing substance, identical with that of Enders, which they found to be 
an acetyl derivative of the known type specific polysaccharide, and 
their results were confirmed by Enders and Wu, 139 In veo small, but 
not in larger doses, 140 the substance induced active immunity in mice, 
yet, in contrast to unaltered pneumococci, it failed to excite antibody 
production in rabbits. 141 On treatment with alkali, labile acety 


’■' 7 Schiemann et at, Felton, Wadsworth and Brown, and others v. (375 ) > 
* (376). (376a) (reviews); (377L (48i), (378L . p . . , nnrf Dow w 

”* Francis and Tillett (372), Zozaya and Clark (373)» Finland a d 
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groups, probably combined in ester linkage with hydroxyl, were split 
off and at the same time the immunizing capacity was destroyed 
whilst the reactivity in vitro with antibodies, though altered to some 
extent, was retained (p. 213). 

The importance of the results obtained with the polysaccharide of 
Pneumococcus I lies in the proof that a carbohydrate can possess 
antigenic capacity. The antigen as it exists in the intact cell is more 
active and is almost certainly of higher complexity. Although effec- 
tive antigenic preparations have been described, it has so far been im- 
possible to obtain in solution the full antigen which, for example, 
engenders type-specific antibodies in the rabbit, and its composition 
is still undetermined. Significant facts were disclosed in studies by 
Dubos (385) in which enzymes were employed for the immunological 
analysis of pneumococci. Hydrolysis by polysaccharidase of the free 
polysaccharide contained in the capsules did not destroy the type 
specific antigen and this persisted even when the greater part of the 
cells was digested away by tryptic enzymes. The type antigen, how- 
ever, is rapidly destroyed by the autolytic enzyme of the cocci which 
at the same time lose their gram-positive character, and in the process 
the polysaccharide and a nucleoprotein, perhaps a part of the com- 
plete antigen, go into solution. 

• Material progress in the investigation of bacterial antigens was 
made by Boivin and his coworkers (386), and by Raistrick and Top- 
ley (387), who isolated highly antigenic preparations from gram- 
negative bacilli, 1 * 1 especially of the Salmonella group, containing 
polysaccharides, lipids and “peptide-like substances” (later recog- 
nized as proteins). Significant information on the antigenicity of these 
substances was furnished in studies by Morgan and Partridge 113 
with the complex antigen of Bact. Shigae (p. 223). Whereas the 
lipoid part of this material proved unnecessary for the immunizing 
properties, a fatty constituent appeared to be essential for the anti- 
genicity of the Forssman substance in pneumococci, as shown in the 
work of Goebel and his colleagues (p. 225). Instances of similar 
purport are presumably antigens which are contained in acid fast 
bacilli. i4S 

Summarizing the studies on bacterial antigens one may say that, 

1,1 In gram-negative cocci antigens of this sort ^ere detected by Miller and 
Boor (482). 

'**(383), (371a). 

“‘Goebel, Shedlovsky, Bavin and Adams (3S9). 

“* (p ns); (36s), (366), (390). 
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at least in certain cases, and depending upon special experimental 
conditions, polysaccharides or their simple derivatives are to some 
degree endowed with immunizing properties, and that in bacteria 
there exist compounds of polysaccharides with other non-protein 
substances that have full antigenic activity. 

Considering the demonstration of distinct immunizing properties in cer- 
tain non-protein cellular substances, together with the gradual differences 
in antigenic capacity of the products formed on breaking up an antigenic 
complex, the term hapten has become less definite and the question arises 
whether, save for simple synthetic compounds, it is still justified. However, 
the lack of a sharp borderline, as between antigens and haptens, is shared 
by not a few of our conventional classifications, and the general concept 
holds to the extent that serological reactivity and antigenic capacity are 
entirely separate functions, and that a substance can possess antigenic prop- 
erties when included in a larger complex, not necessarily containing proteins 
Therefore the expression hapten will still be convenient for distinguishing 
from full antigens specifically reacting parts thereof which are not antigenic 
or but weakly so in comparison to the complete antigen. To designate as 
antigens, against common usage (and etymology), substances which react - 
with antisera but do not or are not known to immunize (Wassermann sub- 
stance, precipitable simple compounds) would seem to complicate the 
nomenclature without cogent reason. 

The chemistry of complex bacterial antigens will be gone into later 
on; it is left to review experiments on antibody formation to various 
well-known carbohydrates and lipids. 

Antigenicity of phosphatides, sterols, starch et cetera.— 
That antibodies can be produced with starch, inulin, dextrin and 
glycogen has been occasionally asserted. 148 With starch this response 
was found by Fujimura (394) to be due to impurities, and UMenhutn 
and Remy 147 reported negative results with starch (and simple 
tbmgh yimPj positive, with gjycogen adsorbed to 

aluminum hydroxide. Campbell (397) obtained precipitins against 
glycogen preparations from clams following injection of ground tissue 
but was unable to demonstrate antibodies upon immunization wi 
liver suspensions and testing against liver- or clam-glycogen (v. P* 
217). Whether antibody production and sensitization observed wi 
gums can be attributed to the polysaccharides themselves is un 
certain . 148 The presence in antibacterial horse immune sera of an 

” (39r-393)* 

(398)] (398a), (395). Immunization results were also claimed for pectin 



CELL ANTIGENS 


nt 


bodies for agar, observed by Sordeili and Mayer, and Morgan, is 
probably brought about by combination with components of bac- 
teria (pp. 98, 217). 

Attempts to immunize with several glucosides (including sapanins 
and solanin) had negative results; 1 * 9 there is however an early report 
on the production of antihemolytic sera by injection of extracts of 
Amanita phalloides which was believed ascribable to the hemolytic 
glucoside itself, 150 

Serum reactions with cholesterol and lecithin were first described 
by Sachs and Klopstock 151 who obtained complement fixing and floc- 
culating immune sera in rabbits upon injecting these substances to- 
gether with serum of a foreign species. These statements are the more 
interesting inasmuch as both lecithin and cholesterol are normal 
constituents of animal tissues. 155 

When commercial egg lecithin was used in a repetition of these 
experiments by Levene, van der Scheer and the author (408), positive 
results were obtained without difficulty, but other (laboratory) prep- 
arations, and also brain lecithin in experiments of Plaut and Rudy, 153 
had no distinct immunizing effect and failed to give significant floc- 
culation or complement fixation reactions with the immune sera to 
impure lecithin. Hence the antibodies readily engendered by com- 
mercial lecithin are most probably due to a contaminant. 15 * On the 
other hand, Weil and Besser, and H. Maier 155 recorded the formation 
of antibodies following the injection, in mixtures with serum, of the 
synthetic distearyl lecithin prepared by Grim and Limpacher (417). 
When immune sera obtained with commercial and synthetic lecithin 

(399)l strangely, sera to the tatter were said to give complement fixation with 
galacturonic acid. 

“*(400), (396), (401). 

*“ Ford and Rockwood (402) Ford’s statements on the production of protect- 
ing antibodies against toxic extracts of Rhus plants were not confirmed by 
Adelung (403). 

*** (404). (404a) (anaphylaxis experiments with lipids'); v. (40s) (immumza* 
in cephalin has been recognized 

fats was traced to protein itn- 
. _ ■ naphylactic symptoms upon in- 

jection of o!eyl-N-methyl launne in guinea pigs previously treated with this com- 
pound were later found to occur also in normal animals [Ficrz ct al (4073)]. 

“‘(409), v. (410), <4 »). 

J “ From a report by fujimur3 (412) the contaminant might be ovovitellin; 

v. <413). 

“* (4 1 4) » (4*S); v, (416) (appearance of non-specific reactivity with “lipids" 
ia the serum after injections of synthetic kephatm). 
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were tested against both substances, H. Maier r found overlapping 
reactions, whereas similar tests carried out by Weil and Besser dis- 
played definite specificity. Again, in later papers Wadsworth and 
Maltaner ljtt state that they did not succeed in calling forth antibodies 
with purified kephalin, or lecithin from brain or liver. It would seem 
desirable, in view of the conflicting results, to pursue the investiga- 
tions on the immunizing capacity of lecithin with chemically well 
defined preparations. Antisera specific for a lipid assumed to be a 
polydiaminophosphatidc have been described by Tropp and Baserga 
(420). 

The experiments on the production of complement fixing antibodies 
to cholesterol by injection of the substance along with serum proteins 
were confirmed 1,7 and extended to derivatives of cholesterol and 
sterols including related hormones, 1 ™ and it is stated that the sera are 
of low titer but can be produced even with fractions of a milligram 
(426). Weil and Besser 159 obtained antibodies with cholesterol, 
hydroxycholesterol (Lifschitz) and dihydrocholesterol while no anti- 
body response was incited by cholesterol oxide, or the dibromide or 
esters of cholesterol. Antisera for cholesterol and dihydrocholesterol 
differentiated these two compounds and did not act on the other sub- 
stances mentioned; cross reactions were observed with hydroxy- 
cholesterol antiserum and cholesterol or dihydrocholesterol. 

Sera to cholesterol and ergosterol were tested by Berger and Scholer 
(428) against a scries of sterols and cholesterol derivatives; the 
authors report that the sera enabled them serologically to distinguish 
cholesterol and ergosterol, as well as unaltered and irradiated ergos- 
terol (vitamin D). 1C0 

Not to be disregarded is the fact that some immune sera give com- 
plement fixation reactions with emulsions of lecithin or cholestero 
(and organ extracts) although the antigens, various azoproteins, 
employed for immunization are quite unrelated to these substances, 
and that sera of normal or infected animals may react non-specinca y 
with divers lipids as lecithin, cholesterol, sitosterol. Moreover, m 
1 papers by Wadsworth and Maltaner (43 oa ) differences are pom e 
out between the mode of action of sera obtained with cholestero , an 
1 ordinary immune sera, which led them to doubt the existence 0 

'“(418); v. (4*9)- v 

161 (421), (422); y. (423). 

Brandt and Goldhammer (424); v. (425). 

(414), (427). (430). 

1M v. (429). W 
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anti-cholesterol antibodies. Against this criticism counter-evidence 
has been offered (431). A final decision will hinge upon the validity 
of the tests for specificity of the sera prepared with various sterols, 
which have so far not been disproved. 

The studies discussed have a bearing upon the question of the 
lipoid nature of alcohol soluble haptens since, granting the accuracy 
of the data presented, these haptens and chemically known lipids are 
the only materials that appear to acquire antigenicity by the addition 
of proteins. It is not evident, however, why substances chemically 
so dissimilar as sterols and phosphatides should have a special prop- 
erty in common. 

The mosaic structure of cell antigens. — The observations 
discussed in preceding sections on species specific, individual and 
heterophile reactions of a single kind of cells suggest a mosaic struc- 
ture of cell antigens. 162 The various properties of a cell that are char- 
acterized by immunological reactions (irrespective of assumptions 
concerning their chemical nature) have been designated as serological 
"factors/’ an expression similar in import to the receptors of Ehrlich 
(120) but different in that his concept embodies hypothetical ele- 
ments. While receptors, according to Ehrlich’s views, are the binding 
groups in any antigen, it may be remarked that the designation has 
been used mainly in connection with agglutination and lysis, whereas 
in precipitin reactions with proteins special reacting units are usually 
spoken of only when one is dealing with mixtures of various proteins. 
But a descriptive term such as factors (or receptors) cannot be dis- 
pensed with in the discussion of cell reactions, as appears from ex- 
amples already mentioned — Salmonella bacilli, and human blood 
groups and types. In this respect the characteristics of human and 
animal blood cells that distinguish individuals are of particular inter- 
est; here, the notion of serological units gains additional meaning 
from their association with genetic factors. 

The prevailing views on the complex structure of cell antigens have 
been aptly expressed by White (433) in the following sentences, refer- 
ring to bacterial agglutinins: “The agglutinative and agglutinogenic 
complex of an organism consists of definite qualitatively different 
chemical substances or components — or in the limiting case a single 
component. Each antigenic component stimulates in the animal body 
its own serum counterpart or agglutinin component which is qualita- 
tively different from that of any other antigenic constituent.” 

*** v. Durham (431) ; NicoIIe. 
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Adopting this statement provisionally without qualihcation and 
assuming, from chemical results, that serological factors may be cor- 
related with non-protein haptens,' one might give the following 
scheme, applying to animal cells, as an illustration which is meant to 
indicate that some of the components may be similar in unrelated 
species and different in individuals of the same species. 


A A 
B B 
C C 
D D 
E F 


B 

D' 

'C' 

L 

F 

M 

G 

N 

H 

0 


Columns i and z represent the determinant components of two individuals 
of one species, column 3 those of a zoologically related, column 4 those of an 
unrelated species. The meaning of the scheme is evident if one considers 
experiments like those of Todd and those of Irwin on multiple individual 
blood properties and their Mendelian inheritance (pp. 89, 117-118). 


In the author’s opinion the assumption of different specific struc- 
tures to explain diversified reactions is not invariably correct (p. 
266). icj As has been pointed out, it is a fact that one antibody can 
react with substances of related constitution, and different immune 
sera with the same substance. Consequently, it is not requisite that 
an antigen which reacts with several antibodies has an equivalent 
number of specific substances or distinctive, binding groups. 104 Nor 
is the fractionation of antisera by partial exhaustion with heterologous 
antigens by itself unfailing proof of this conclusion, and an alterna- 
tive explanation is to be considered, namely, the formation of divers 
antibodies in response to a single determinant group. Results indica- 
tive of the latter possibility were obtained in experiments with im- 
mune sera for azoproteins, where, on account of the chemical consti- 
tution of the azocomponent, the formation of several antibodies spe- 
cific for distinct groups seems inadmissible; and yet the absorption 
effects, were the antigen chemically unknown, could be adduced as 
evidence for an antigenic mosaic (p. 270). 


103 Cf. the discussion by Tulloch (433a); (434), ( 435 )- , ,11 

JM Attention may here be called to the frequent occurrence of very smi » 
quantitative and qualitative differences in cell reactions. Examples are t 
r found in the tables of KoIIe and Gotschlich (i) on the agglutination of 
and in isoagglutination reactions (436)- 
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As an example let us take the heterogenetic antigen of sheep blood. 
The incomplete absorption of sheep hemolysins by human blood A 
(Schiff and Adelsberger ,b5 ) and of the lysins in group-specific anti-A 
sera by sheep blood can be explained if one assumes that antibodies 
of different reactivity are formed through the action of single deter- 
minant structures, similar* but not identical, in each of the two an- 
tigens, less specific antibodies being responsible for the cross reac- 
tions. Usually, and perhaps correctly, it is supposed that the two sorts 
of blood have a substance or group in common, 11 '' 5 and in addition each 
has a specific structure of its own Such an explanation, however, 
seems inadequate for the sheep hemolysins which are formed by the 
injection of bacteria As stated before, the hemolysins produced by 
various bacteria are serologically different, but all of them are ab- 
sorbed by sheep blood. Yet one would hardly be warranted to sup- 
pose, for this reason, that sheep erythrocytes possess special binding 
groups 107 corresponding to each of these antibodies; in fact, immune 
sera obtained with sheep blood only exceptionally react with “Forss- 
man bacteria.” It is much more plausible that the antigen present in 
sheep blood is capable of combining with a number of antibodies all 
engendered by antigens containing chemically related substances 
(222). Doubtless, the agglutination of a great many bloods by plant 
agglutinins calls for this kind of explanation (p. 5). 

The presence of several specific substances in an antigenic material 
can evidently be established on chemical grounds. As such instances 
may be cited the demonstration of more than one polysaccharide in 
bacterial antigens, antisera having antibodies for carbohydrates and 
antibodies for proteins, and the agglutinogens A, B and M, N occur- 
ring in various combinations in human blood cells, and of which only 
the first two pass to some extent into alcoholic solution. Clearly due 
to different structures within a molecule is the formation upon im- 
munization with azoproteins of species specific antibodies and anti- 
bodies against the azocomponent, separable by absorption (p. 159). 

A plurality of specific substances or groupings can also be reason- 
ably affirmed when an antiserum becomes completely exhausted by a 
combination of heterologous antigens, such as a serum produced with 
human cells of group AB by a mixture of A and B cells, or where 

' K (ng);y. (437), (43S). 

*** v (256). 

Indeed, in this and other instances the number of hypothetical groups can 
be increased almost at will by including additional cross reacting antigens 
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genetic experiments establish sharp segregation of multiple factors in 
the offspring; 108 the opposite conclusion seems more probable when 
the properties fail to segregate or when continued absorption with an 
heterologous antigen markedly and progressively weakens the homol- 
ogous reaction, 100 and likewise in cases of non-reciprocal cross re- 
actions, for the presence of the same determinant in two antigens 
should cause reactions in either direction. 170 However, the interpreta- 
tion of cross reactions and multiple serological characters must re- 
main hypothetical until chemical information is available. 


Some additional examples may be offered. On the basis of absorption 
experiments it has been suggested that differences between the reactions of 
isoagglutinin /? with human blood B and animal bloods 171 may depend upon 
the occurrence of several structures Bj, B», B| lt ... in human blood of which 
only Bn, But ... are represented in animal erythrocytes; from findings of 
Thomsen (442) the assumption of qualitative differences in the B-substances 
of various species seems more probable. Furthermore, the hypothetical 
partial B agglutinogens never separate in the offspring, and this is true also 
of the property M even though anti-M immune sera produced in rabbits 
with human M blood contain agglutinins which react differently with the 
M factors in the erythrocytes of diverse monkey species. 112 

That the human isoagglutinin aj (acting on human blood of subgroup Ai) 
is bound in small measure by agglutinogen A *, 173 can be understood by im- 
perfect specificity, provided the two agglutinogens are qualitatively different. 
The alternative explanation, maintained by Lattes and Thomsen, that the 
same agglutinogen may be present in Aa cells as in Aj cells but in smaller 
amounts, is probably incorrect 171 although in general the possibility exis 
that in absorption tests quantitative differences simulate the presence 0 
diverse substances. Another instance, the appreciable absorption of agg «* 
tinins for the factor N by human blood which apparently does not con am 
the agglutinable substance N (151) may be explained by chemical simi- 
larity between M and N or on the supposition that the antibodies a 


1M It would be difficult to conceive of the independent inheritance of specific 
groupings (eg of A and B in human AB cells) if they are contain d m ^ 
molecule, unless one assumes them to be structures of rather large 
gether in a complex. . . « _j u n- 1 

The apparent contrast between the genetic results ■ on animal c j onS 

successful attempts to separate from bacterial polysaccharides jp. 2 / 
corresponding to the serological factors calls for further investigate . 

308 v. Krumwiede (439). 

*"v. (37). 

,n v. (440), (256a) (134). ( 440 . (225). 

575 Landsteiner and Wiener (443). 

. -( 444 >.fr 4 S)..< 446 >. 

*v. (122); Sachs (263). 
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affinity, not only for the specific structure N, but also for other parts of 
the antigen. 

Individual variations and species differences. — The exist- 
ence of serologically demonstrable individual differences in blood, in- 
herited according to the Mendelian Jaws, prompts the question 
whether they ate related to the variations that underlie the evolution 
of species. In many cases seroJogical blood differences between Indi- 
viduals and between species will be similar in nature. 175 Indeed, a 
serological cell property may be the constant attribute of one species 
while distinguishing individuals in another. Pertinent instances are 
the Forssman antigen characterizing sheep blood but occurring — as 
a related substance — in man only in the groups A and AB, and the 
M agglutinogens in the red cells of alt rhesus monkeys but restricted 
in human beings to the types M and MN. 

As noted before, related species are commonly distinguishable by ab- 
sorbed hemagglutinating sera, but in two species of ducks (Anas boscas and 
Dafila acuta 1 whose close relationship is indicated by complete fertility ot 
the hybrids, it was possible, with the aid of rabbit immune sera, to demon- 
strate an agglutinable factor which occurs more frequently in one species 
but does not permit the differentiation of every individual m A similar 
observation (relating to one animal) was made with Cavia rufescens and 
Cavia porcellus. Impurity of the strains cannot be ruled out entirely, other- 
wise the findings would indicate identity of serological cell characters in 
individuals of very closely related species. 

A second point concerns the inheritance of species characters which 
is in accordance with the hereditary transmission of individual blood 
properties. This was first investigated with horse-donkey hybrids. 111 
It turned out that the red cells of mules are readily distinguishable 
from the cells of horses and donkeys and contain substantially the 
agglutinable substances common to both parental species as well as 
those peculiar to one or the other (Table r*). m Comprehensive in- 
vestigations on this topic have been conducted with hybrids of dove 
and pigeon species by Irwin and his associates (451). The situation 
'™v. (447) (iso- and heteroagglutination of horse blood); Irwin (p, 89), 
v ‘* Unpublished experiments. 

, " r Immune sera from mule blood behaved much like anti-horse sera, showing 
a predominance of the character of the female parent, in keeping with some other 
observations in genetics (19 a). 

On the mhcntance of agglutinogens in guinea pig hybrids v. Landsteiner (448), 
Holzer (449). 

<45o)- 
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was found to be the same as with mule blood except for the occasional 
observation of new “hybrid substances," presumably due to the com- 
bined action of genes. Further significant results have been brought 
to light in the examination of successive back-crosses. With the aid 
°f agglutinins absorbed with the blood of various back-cross birds, 
segregation of the factors particular to one parent species was clearly 
established, and in this way, for instance, more than ten serological 
factors present in Pearlneck doves but not in Ringneck doves could 
be demonstrated. On comparing four species of pigeons and doves, 
information presumably of genera) validity was secured on the shar- 
ing of apparently identical agglutinable cell constituents by kindred 
species. These relationships in their essentials are conveyed by the 
following diagram. 




GUINEA GUINEA GUINEA GUINEA 

PEARLNECK LIVIA LIVlA 

PEARLNECIS 


AH things taken together, the observations on blood corpuscles 
conform to the conceptions of modern genetics which consider the 
process of evolution to have as its basis individual variations resulting 
from gene mutations and causing, as they accumulate, races and new 
species to arise in a continuous series (192). Since single genes may 
affect more than one phenotypical characteristic, a correlation be 
tween morphologically recognizable variations and alterations m ce 
antigens would not seem unlikely. 179 Here it may be worth men von 
ing that in domestic chickens, of which so many breeds have ee 
produced and maintained, there are many and distinct blood 01 ® 
ences, apparently more than in guinea fowl or turkeys [ 453 )' 
differences in the agglutinogens which would reflect the chromo 
differences have not been detected. 

The parallelism between morphological and biochemical evoiuu 
is more difficult to understand in the case of the species different: 
proteins. One assumption would be that when mutations occ > 

"See Morgan (452). 
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proteins regularly or frequently also undergo changes. If this is actu- 
ally the case, one would expect proteins, like cell antigens, to exhibit 
constitutional differences in individuals of the same species, a hypo- 
thetical view that has been put forth repeatedly. 

The importance of the question justifies adopting a critical attitude 
toward some of the relevant experiments. 180 For example, the asser- 
tion that the S;Fe ratio of hemoglobin varies within wide limits in 
horses would require authoritative confirmation. The reports in gen- 
eral are open to the objection that the differences observed may be due 
to variations in the relative quantities of various protein fractions 
(p. 66). A priori, the chances of obtaining positive results by chem- 
ical investigation with animals of the same kind are rather small since 
it is usually no easy task to distinguish by chemical analysis proteins 
of the same type but derived from different species. Serological meth- 
ods have proved to be most suitable for the latter purpose, and con- 
sequently the demonstration of individual differences ought to be 
accomplished more readily with the aid of serum reactions. The im- 
munization of animals with proteins derived from the same species 
would seem the most promising line to pursue. Uhlenhuth, who used 
this method, did not succeed in producing isoprecipitins by immuniz- 
ing rabbits with the serum of other rabbits of the same or a different 
race, while it was easy, by "cross immunization,” to obtain antibodies 
differentiating the sera of rabbit and hare (p. 18). Likewise, when 
chickens were transfused with chicken blood no isoprecipitins were 
formed. 181 Recently, however, individual differences in human sera 
were observed by Cumley and Irwin by means of precipitin reactions 
with absorbed rabbit immune sera which may be referable to proteins 
(466a). In appraising the negative results of isoimmunization, in 
contrast to the relative ease of isoagglutinin formation irt chickens, 
cattle and rabbits (467), it should be considered that very small 
variations in the proteins, for example, the substitution of a few amino 
acids for others, need not be demonstrable by precipitin reactions. 
Theexistence of individual protein variations of a special kind, namely 


’"v. ( 454-4 59 )- 

Experiments by the author and Levine A few findings from which one may 
infer, though not with certainty, the existence of individual differences in pro- 
teins are the formation of isoprecipitins in one rabbit ((460), v. (461)3 and the 
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differences in notmal antibodies within one species, may be recalled 
(see, however, p. 149). 

Attempts to demonstrate racial protein differences by serological 
methods have not yielded uniform results. A report by Glock (468) 
is unconvincing, but the work of Sasaki (469) and Luhning (470) on 
protein differences in races of chickens and pigs merits attention; 
possibly the latter author was dealing with species hybrids. The in- 
vestigations of Brnck (471) on the differentiation of serum proteins 
among human races, according to which the white| race would hold a 
special position, could not be confirmed by Marshall and Teague 
(472), or by FitzGerald (473), and newer experiments suggesting, 
perhaps, a difference between the sera of white individuals and ne- 
groes have not been followed up (474). If the positive results cited 
are correct, they would signify the existence of /constant racial dif- 
ferences, unlike the variations in frequency revealed by isohem- 
agglutination. 

Until recently, only scattered data were available concerning the 
inheritance of proteins. 182 Lately, a systematic attack on the problem 
was made by Cumley and Irwin (478), the material investigated 
being the serum of doves and their hybrids. The conclusion of the 
authors is that the species hybrids possess the proteins of both parent 
species, and that the proteins are controlled by gene action and con- 
sequently segregate in back cross hybrids, parallel to the inherit- 
ance of cellular agglutinogens. In view of the fundamental nature 0 
the subject, it will be desirable to establish with full certainty tha 
the observed distinctive reactions are not connected with antigens 
other than proteins, although the conclusion of the authors wou 


seem the most plausible (v. p. 20). 

On account of the meagre experimental evidence one can at presen 
only conjecture the mode of evolution of the proteins in the sea e ° 
living beings. In order to explain the change in alf proteins 0 
body, in the genesis of a new species, one either could suppose, 1 
keeping with current theories on evolution, the occurrence 0 nflay 
small variations accompanying single mutations of genes whi 
come detectable by present methods only after accumulation, or 
could assume that special mutations cause the transformation, 
latter alternative were correct, then, in so far as proteins ar . e . 
cerned, a line of demarcation between species would be conceiv 

”(«s) (examination of a chicken-guinea hen £|£$5!ta) 

tests with plant hybnds) ; (477) (measurement of crystals of m 
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The questions, whether cell and protein antigens influence each 
other and whether the effect of genes and the direction of mutations 
is modified by the nature of the proteins, are still matters for specu- 
lation , 163 
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THE NATURE AND SPECIFICITY OF ANTIBODIES 

Natural antibodies. — The knowledge that antibodies are present 
in the serum of normal, non-immunized animals dates from the early' 
work of Landois (i). Exploring for the cause of shock following 
transfusions of animal blood into human beings, he found an explana- 
tion in the clumping or lysis of the red blood corpuscles which fre- 
quently ensues when the serum of an animal is mixed with the blood 
of another species. Subsequent studies 1 confirmed and elaborated 
these observations. Similarly, normal sera contain agglutinins and 
lysins, and complement fixing antibodies for bacteria (7-11). The 
investigation of these antibacterial agents was initiated at a time 
when studies on immunity to infectious diseases had awakened in- 
terest in the properties of the blood serum, and the question of the 
relative importance of serum and cellular elements for protection 
against infectious agents was in the foreground of discussion. 8 In 
following this trend there were detected in the serum of apparently 
normal human beings and animals other antibodies: antitoxins, anti- 
viral antibodies, opsonins, antilysins. 

. Some flocculation and complement fixation reactions, o{ indistinct speci- 
ficity, with lipids and other substances (p. 130) 3 may be due to unstable 
globulins which are apt to form precipitable complexes. Whether these are 
to be considered as antibody reactions is indeed a question of definition. 4 

One could have thought that agglutination and lysis of bacteria 
and blood corpuscles by serum of normal animals is attributable to 
one substance, or a few substances, capable of acting on many sorts 
of cells. An experiment by Bordet (15) contradicted this simple as- 
sumption. When cholera vibrios were agglutinated by normal horse 
serum, and the bacteria after combination with agglutinins removed 
by centrifugation, the serum no longer acted on cholera vibrios yet 
still clumped typhoid bacilli as intensely as before. If the two sorts 

’ v. (2-6). On antibodies for spermatozoa v. (6a). 

*Nuttall; Buchner (12). 

*Cf. (13), (13a), (13b). 

* v. Boyd (14)- 
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of bacteria were added in reverse order, the serum separated from 
the typhoid bacilli agglutinated the vibrios and not the typhoid bacilli. 
Analogous experiments with agglutinins and lysins of normal serum 
and with various kinds of blood 6 and bacteria 0 in most cases yielded 
results in conformity with Bordet's observation, as illustrated in the 
' following table. However, a distinct decrease in agglutinin litre for 
cells other than the one used for exhaustion of the serum was some* 
times recognizable. 7 Special well established cases are the absorption 
of human isoagglutinins by the blood corpuscles of animals, 8 and the 
♦absorption of large fractions of the agglutinins acting on one sort of 
blood by the corpuscles of closely related species (man-chimpan2ee, 
mouse-rat, Cavia porcellus-Cavia rufescens). 
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Malkoff (16), whose experiment is reproduced in Table 17, reache 
the conclusion, widely accepted (Ehrlich and others), that a nonnai 
serum contains as many specific agglutinins as there are sorts of c 
that are agglutinated by the serum. Since normal sera, e.g. ° xse .v! 
may agglutinate numerous bacteria and blood corpuscles, an . 
hemagglutinins that differentiate individuals of the same s P^. e .« 
would imply the presence of an exceedingly large number of din 
active substances in the serum. Such a conclusion, unlikely a 
sight, is reduced almost to absurdity when one considers tha ac 


‘ (16-18). 


>rmal 


* (19). (20)- In experiments of Burgi (8) on agglutination of 

sera of different animals could be arranged in a senes aCcord , 1 P^ l ° r l _.f n e3pigs en 
tive strength (e g. ox or horse sera were more active than rabbit or gu r^ ^ 3C . 
and gave stronger flocculation also with gum mastic suspensions; nonn jl sera 
teria showed the same gradation in agglutinability, regardless 01 
with which the tests were made. 

T (21-25). (4>. (6)- 

* von Dungern and Hirschfeld (26). 

*(4); v. (27). 
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ing to MalkofTs hypothesis each of these antibodies should be spe- 
cifically related to substances occurring in a certain species of animals 
or in bacteria. 10 Moreover, if the serum contains so many agglutinins 
the absolute amount of agglutinin acting on one kind of blood ought 
to be well-nigh infinitesimal; but this is not the case, as shown by 
experiments in which the agglutinins were set free from their union 
with erythrocytes by heating the agglutinated cells in saline solution, 
and the protein in the agglutinin solutions estimated by means of 
precipitins. 11 In addition the purified agglutinins when tested against 
the blood corpuscles of various animals acted most strongly on the 
red cells used for the absorption, but also agglutinated other sorts of 
blood, a result which would seem to prove that the agglutinins ab- 
sorbed by a certain blood are not highly specific. 

Although Thomsen (32) found that agglutinated cells may absorb other 
agglutinins than those reacting specifically, non-specific absorption is pre- 
sumably not the sole cause of the phenomenon described. At any rate, there 
is an apparent contradiction between the results of absorption and splitting 
off of agglutinins, probably fo some extent because the usual method of 
titrating agglutinins by determining the highest active dilution of serum is 
not very accurate; hence only gross differences are demonstrable. 

Further investigation will be required to reconcile the inconsisten- 
cies. On the basis of the available results the most reasonable assump- 
tion would appear to be that natural antibodies are specific in so far 
as they react to a different degree on various cells. 13 Consequently, if 
one assumes that normal serum contains a sufficient number of agglu- 
tinins, each reacting distinctly only with a certain proportion of all 
bloods, a given sort of blood will absorb from a serum all those agglu- 
tinins for which it has affinity, and there will remain after absorption 
some that react with freshly added blood of other species. In a gen- 
eral way our view is supported by the existence of several kinds of 
substances which in their visible effects simulate typical antibodies 
but whose specificity is on a lower level; hemolysins of plant and ani- 
mal derivation, plant hemagglutinins, and viruses, have previously 
been mentioned in this respect. 

Normal sera contain, in addition to “cold hemagglutinins" and auto- 
antibodies against spermatozoa (6a), other antibodies acting on materials 


**v. (2S-30). 

“ Landstciner and Praiek (31). 
" v. Browning (33). 
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derived from the same individual. Kidd and Friedewald (34) observed 
complement fixation — without demonstrable species specificity — with 
rabbit sera and extracts of the tissues of rabbits and other species, attribut- 
able to particles which can be separated by centrifugation at 20,000 r.pro. 
(p. 81). Flocculation by chicken sera at low temperature of aqueous 
and alcoholic tissue extracts of all species tested was described by Duran- 
Reynals; these reactions become stronger after immunization with various 
antigens and — like certain complement fixation reactions of normal sera— 
they resemble the Wassermann reaction [Duran- Reynals (35)]. 


Concerning the origin of the antibodies in apparently normal sera, 
a subject of medical and epidemiological consequence — discussed 
clearly and in detail by Topley (36) ■ — there are several possibilities: 
a purely physiological mechanism, past unapparent or frank infec- 
tions, previous absorption of antigenic substances (microbes, food) 
from the intestinal tract 13 or otherwise; in the last two cases the 
resulting antibodies may be directed against serologically related 
bacteria as well as against the incitants themselves. To give an ex- 
ample of the conflicting opinions/ 4 the occurrence in normal human 
serum of diphtheria antitoxin or antibodies which neutralize the virus 
of poliomyelitis has been attributed by most authors to contact with 
the infectious agents, by some to spontaneous formation. Significant 
evidence was provided by animal experiments 1S and tests with human 
sera. Hughes and Sawyer (44) showed that antibodies protecting 
mice against yellow fever virus are frequently found in serum of P e _ r * 
sons living in regions where the disease is prevalent, but are absen m 
individuals who had never been exposed to the virus. Similar in ou^ 
come are statistical studies on the distribution of diphtheria and sea 
latinal antitoxins in populations and groups of individuals, expose 
infection in various degrees. . . ._} 

On the other hand, there can be no doubt about the physio og ^ 
genetically determined 14 formation of antibodies. A direct pr ^ ^ 
the regular presence of isoagglutinins in human serum, m s ric ^ 
relation to inherited isoagglutinogens, and this argument is n ° . fl 
ened if one accepts the hypothesis that the isoagglutinins are 
consequence of “autoimmunization.” 17 A similar origin may 


** v. (37) (describes also experiments on oral immunization). . 

« Hirszfeld (38), Neufeld ($9), Friedberger (40), JungeMut et al W- 
15 Bailey et al. (42), Ramon (43). 


NATURE AND SPECIFICITY OF ANTIBODIES 


13 1 

sumed for most normal hemagglutinins and hemolysins acting on 
blood of foreign species. The possibility that antibodies against blood 
corpuscles may be formed as a result of bacterial infection has been 
established by interesting observations of Bailey (42). This author 
found that sheep hemolysins appear in the serum of rabbits 'when the 
animals are infected with a strain of B. lepisepticus (and probably N. 
catarrhalis) containing Forssman’s antigen, or when they harbour the 
bacteria in the nasal cavity. Yet it is not likely that such “hetero- 
genctic” immunization, probably of importance in the stimulation of 
bacterial antibodies, plays more than a secondary role for the forma- 
tion of natural antibodies to erythrocytes. 

At birth the serum is low in natural antibodies 18 (and in globulins) 
which become established gradually. For instance, the development of 
hemagglutinins in chickens is completed after about a month, sometimes 
later; 19 the serum of adult cattle has much greater agglutinating activity 
than that of calves (n); and human isoagglutinins reach a maximum titer 
at the age-level of about 5 to 10 years (51). The parallelism in the develop- 
ment of natural hemagglutinins and antitoxins or bacterial antibodies has 
been used as evidence for the spontaneous origin of all normal antibodies, 50 
but the argument works both ways since contacts with external stimuli will 
naturally accumulate with age. 

Evidence for the spontaneous origin of normal hemagglutinins and 
hemolysins is afforded by certain regularities in distribution (and 
perhaps by their permanence). This question has not been investi- 
gated extensively and, on account of individual variations, it is nec- 
essary to examine a number of sera from one species. Some pertinent 
facts, however, have been established. There is, as Giirber 21 first 
noticed, a correlation between antibodies and cell antigens, somewhat 
similar to that obtaining with isoantibodies, namely an approximately 
reciprocal relationship between the range of activity of the serum and 
the sensitivity of the blood ceiis. Other observations concerning the 
agglutinins of certain species 22 are the following: Sera of Macacus 
- rhesus and Cynomolgus philippensis agglutinate human A-blood more 
intensely than blood of groups O and B whereas sera of Cercopithecus 
pygerthyrus act mainly on human blood B; in a species of baboons 

**v. (40), (19), (10). A certain amount of antibodies (e.g human isoagglu- 
tinins) is transmitted through the placenta or in the colostrum. 

“Bailey (50). 

*° Uirsrfeld (sO.Fncdberger et #!. (40). 

“ ( 53 - 5 S). 


(56-58). 
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established, and it may be considered that the discrepancy is due to the dual 
origin of the antibodies in normal sera. 

Only lew data 20 are at hand on the chemical nature of natural 
antibodies but enough to indicate their globulin nature. One may 
conjecture that there exists a much greater variety of globulin mole- 
cules in a serum than would appear from physico-chemical examina- 
tion, some of which by virtue of accidental affinity to certain sub- 
strates are picked out as antibodies. 

IMMUNE ANTIBODIES 

Physico-chemical properties. — The association of antibody ac- 
tivity with serum globulins has long been recognized. Not only could 
antibodies be concentrated in certain globulin fractions but in physical 
and chemical properties they were seen to resemble common proteins 
closely, particularly in deteriorating under the influence of denatur- 
ing agents and in being attacked by proteolytic enzymes. More pre- 
cise evidence regarding their nature has accrued in the last decade 
from application of the pewer physico-chemical tools — electro- 
phoresis, ultracentrifugation — and through the use of quantitative 
analytical methods. The substance of this work is the demonstration 
that antibodies are not indiscriminately scattered over or adherent to 
the various serum protein fractions 81 but can be separated as prepara- 
tions that are homogeneous in the ultracentrifuge and electrophoreti- 
cally — irrespective of subtle serological diversity. However, not 
only may the response to an antigen be species characteristic, but 
different antigens may elicit antibodies of unlike physico-chemical 
properties in the same animal, and the antibodies in a serum may exist 
in more than one globulin fraction. 21 * 

Examination of immune sera and purified antibodies (pp. 136, 137) 
in the electrophoresis apparatus of Tiselius 28 revealed that antibodies 
from rabbits and (with some exceptions, which possibly depend on 
the length of immunization) the antibodies in antibacterial horse im- 
mune sera were contained in the most slowly moving (at alkaline pH) 
globulin fraction, i.e. the -/-globulin. Conclusive proof of this has 
been afforded by the marked reduction in the -y-globulin component 

** Landsteiner and Calvo (60), Gibson (19), Bleyer (60a). 

*v.(6r). r ‘Cf.(« 7 ). 

“Tiselius and Rabat; van der Setter et al. (62), Pappenheimer ct al. (63). 
Fell et al. (64). On antibodies in the serum of allergic patients v. Newell et al. 
( 65 ). 
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of anti-pneumococcus horse immune sera upon absorption with the 
homologous polysaccharide, as seen from the electrophoretic Longs- 
worth diagram given here. In most antitoxic horse immune sera, 
however, a new globulin component (T), not present in normal serum, 
was detected and found to carry the antibody activity, alone or jointly 


Serum components of a horse 
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stances were encountered, such as diphtheria horse antitoxin, which 
has a molecular weight around 180,000 according to Petermann and 
Pappenheimer, and Rothen,* 1 anti-sheep rahbit hemolysin with a 
sedimentation constant close to that of horse antibodies — and seem- 
ingly exceptional as to electrophoretic mobility (77) — and the 
syphilis reagin in human serum, apparently of great molecular size. 53 

The figures given for isoelectric points of antibodies 34 vary somewhat 
with the preparations and the experimental conditions. For horse pneu- 
mococcus antibodies 35 pH values of about 4 8, for pepsin treated horse 
diphtheria antitoxin 36 a pH slightly below 7, are recorded. Isoelectric 
points of rabbit pneumococcus antibodies 37 are given as 5.8 to 6.6, and 
those of various other rabbit sera 58 as about 6.2 

The axis ratios of antibody molecules (pneumococcus antibodies) have 
been computed by Neurath (86a) from the Svedberg dissymmetry constants 
and Perrin’s equation, with the following results: horse 20.1, rabbit 7.5, 
man 9.2. The differences concern mainly the length oi the molecules, these 
being respectively 950, 274, 338 A. Since with some proteins x-ray analysis 
led to values conflicting with those obtained by the above calculation, the 
figures quoted may have to be revised [Ctowfoot (86b)]. 

Ultrafiltration experiments on antibodies performed by Elford and 
coworkers, and Goodner, Horsfall and Bauer, 83 demonstrated not only 
the great disparity in molecular size between horse and rabbit pneu- 
mococcus antibodies but the presence of aggregates which could be 
dispersed by changes in the medium. 

Purification methods. — For therapeutic ends, the concentration 
of antibodies and discarding of inert proteins has long been practised 
on a commercial scale, fractionation of serum proteins by salting-out 
methods, as with ammonium sulphate or sodium chloride, and iso- 
electric precipitation at low electrolyte concentration (including elec- 
trodialysis) having mainly been employed. 40 Since in general the 

components of different sedimentation constants [Petermann and Pappenheimer 
(73)1 

"Petermann and Pappenheimer (74), Rothen (75); cf Fell (64), Pafc (76). 
Kckwick etal (66). ^ w ’ 
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n 5 us about 4 x xcr* mg. were sufficient to dissolve, upon addition of compla- 
ment, 1 cc of sheep blood, and 42 10 r* mg. of Felton’s purified pneumo- 
coccus antibodies protected mice against to 5 lethal doses of pneumococci. 
Plant agglutinins exhibit a degree of activity similar to the purified anti- 
bodies. A water-soluble protein fraction isolated by the author and van its 
Scheer from beans, predpitable at 0.6 to 0.8 saturation with ammonium 
sulfate, 51 agglutinated distinctly 1 cc of 0.5^? washed horse erythrocytes in 
quantities of less than jo' 8 mg. 

Likewise using the antigen-antibody complex as a source, North- 
rop 62 was able to achieve an impressive result, the crystallization of 
an antibody (diphtheria antitoxin). The antitoxin preparation was 
made by digestion of the complex with trypsin at acid reaction and 
subsequent fractionation with ammonium sulfate; and on examina- 
tion by ultracentrifugation, electrophoresis and solubility tests it 
appeared to be a homogeneous protein containing some carbohydrate 
tv. ( 74 ) 3 - 

By weighing particulate antigens before and after absorption of^ anti- 
bodies or by nitrogen determination on specific precipitates the quantity of 
antibody in an immune serum can be determined. In very potent precipitat- 
ing antisera this was estimated to be of the order of ro mg. per cc., i e., a 
considerable proportion of the total globulin ; 63 commonly the concentra- 
tion is lower. The values found for hemolytic antibodies were about 1 to 3 
mg. per cc. (140), and less in experiments of Euler and Brunius. 84 

Antibodies and normal globulins. — Chemical analysis of anti- 
bodies has been unsuccessful in so far as no indication was found for 
the existence of specific prosthetic groups, and no sure difference 
could be detected with regard to amino acid composition 65 between 
normal agglutinins and purified antibodies or those contained in spe 
cific precipitates. This result is paralleled by serological evidence, 
and although negative in a sense, has definite significance when 0 
contemplates the problems of antibody formation and specific y* 

Apart from direct analytical methods, other attempts have 
made 88 to establish differences between normal and antibody g 


w (137), * Crystallization of an heroagglutinaUnf r****®*?* 
from jack beans was reported by Sumner and Howell (Lw- . . typical 
soluble only in strong salt solutions, differs also in other t -P 
phytagglutinins. , . . 

“ Heidelberger and Kendall (139) ; (341), (*39 a L 

"HnriltWij,' Chow and Goebel (no), Velluz 
* v. (i 43 >, (i 44 ). Caivery (145) . B^fuf ct nl (*4 t 
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lins and some apparently positive findings were reported concerning 
isoelectric points, titration curves, solubility, viscosity, adsorption, 
and precipitation by various colloidal solutions; in part these observa- 
tions were not made with sufficiently pure antibody preparations and 
with exactly corresponding normal globulins. The results as a whole 
scarcely constitute positive proof of differences in chemical constitu- 
tion. It should further be mentioned that in the case of diphtheria 
antitoxic sera no physico-chemical distinction could be made between 
active and inert pseudoglobulins. 57 On the other hand, antibodies 
were found (in horse sera) in protein fractions differing physico- 
chemically from those in normal serum. 58 

Antibodies, upon being employed as antigens, were found to be re- 
lated to the normal serum proteins. Thus agglutinins and antitoxins 
could be precipitated by immune sera prepared against normal serum 
of the species, 59 and antibodies may engender immune sera that react 
with normal serum proteins. The latter demonstration was made by 
immunizing with washed specific precipitates, especially polysac- 
charide precipitates, whereby any antigenic material other than anti- 
bodies is all but eliminated. 60 It could then be anticipated that anti- 
bodies functionally different but derived from the same species would 
be antigenically alike, and this was actually found to be the case, 
with the reservation that in experiments of Ando, and of Treffers and 
Heidelberger, antibodies from the horse fell chiefly into two antigenic 
groups, associated with different globulins — those against bacteria 
being water insoluble, others, as diphtheria antitoxin and anti-egg 
albumin, soluble in water (p. 136). The members of each group were 
practically identical in antigenic properties, and, as in previous experi- 
ments, antibodies derived from different species although prepared 
with the same antigen showed no relationship in tests with precipitin 
sera. In other words, antibodies employed as antigens exhibit what 


" (63) ; v. Reiner and Reiner (149) ; (75). 

“Dso),(62>. 

Bordet; Dehne et at ; Kraus and Pnbram; Eistcr (151) ; Smith and Marrack 
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has been called “specificity of origin/’ but there is no evidence for 
the existence of true anti-antibodies which would bear a relation to 
the specific antibody function. 

Binding sites op antibodies. — While from the analysis of precip- 
itates it is definitely known thatantigensaremultivalent, 81 the number 
of combining sites depending on their molecular size, the maximum 
valence of antibodies is still conjectural. Reflections on the process 
of specific precipitation and agglutination have led to the opinion that 
in order to flocculate antibodies must at least be bivalent, that is, 
possess two binding areas. For diphtheria antitoxin and ovalbumin 
combination of antibody with antigen in the ratio of one to two, de- 
duced from ultracentrifugal analysis, has geen reported (63). Higher 
ratios seem not to have been directly established experimentally. On 
a priori reasoning multivalence would seem probable in the case ol 
horse antibodies of large molecular size (159a). 

Experiments on dysentery immune sera which react with sheep 
cells as well as with Shiga bacilli, and on antisera combining with 
lipids and polysaccharides of tubercle bacilli, were brought forward 
by K. Meyer 62 as evidence for the presence of specifically different 
groups in a single antibody (v. p. 269). On the other hand, on immun- 
izing at the same time with a few or numerous antigens, antibodies 
reacting with more than one of them could not be detected showing, 
as Hektoen believes, "that the same globulin molecule may not have 
more than one precipitin” 63 (p. 5B). ^ , 

The assumption of several combining sites in antibodies adjusted 
to different determinants in the antigen has been made with the view 
of explaining cross reactions; and higher valence is held by som 
authors to be the reason for greater reactivity and wider range 
cross reactions of antibodies formed upon prolonged immunization. 

It could have been supposed that combination of antibody ^ 
precipitin would abolish the antibody function. That this is no _ 
essarily true follows from the fact that horse antitoxin P r , ec jP‘ . 
by an “antihorse” serum is still capable of neutralizing toxin. 


n v. (p. $ 8 ); (159a). This serological "valence” is of course ^ oT 
the valence of atoms. In still a different sense the several 

“multivalent” are currently applied to immune sera proauc a s 
antigens. 

•* (160); v. Morgan (161). 

M cf. (69). (*59*1* (r6ia), (2 27 )• 

* V. (pp. 19. *44) ; (162-164); V. (165). fifi 6 a): (rs r h . 

* Smith and Marraek (152), Eagle (166); v. Kraus et al. ( ) 
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versely, antitoxin saturated with toxin is brought down by the cor- 
responding precipitin. Hence, Marrack concludes that “the adsorbing 
sites of a globulin acting as an antibody appear different from those 
by which it is bound when acting as an antigen,” 

Upon adsorption to charcoal, antitoxins lose their capacity for neutraliz- 
ing toxin (167), in distinction to the reactivity of adsorbed precipitable 
substances (pp. 144, 247) and of some other antisera, and in experiments of 
Freund (168) toxin adsorbed to collodion particles could be neutralized by 
antitoxin but collodion particles coated with antitoxin became toxic on 
treatment with the homologous toxin. 

Alterations of antibodies. — When subjected to various chemical 
or physical agents antibodies follow, generally speaking, as remarked 
before, the model of ordinary proteins. Inactivation of antibodies 80 
by heat has, like denaturation, a high temperature coefficient and 
proceeds rapidly around the coagulation temperature of serum pro- 
teins. Different antibodies were found to vary in resistance to heat 07 
(or acid and alkali), 09 for instance, flagellar are more resistant than 
somatic O-agglutinins. Kleczkowski (179) ascribes such differences 
in heat resistance to the formation of complexes between antibodies 
and unspecific serum proteins (v. p. 56) interfering with the floccu- 
lating effect, but to a different degree when various (e.g. 0 and H) 
antigens are tested. The conclusion that loss of the flocculating prop- 
erty oi antibodies on mild heating can result from the formation of 
aggregates with other proteins was confirmed by Jennings et a!. 
(184a) in experiments in which antibodies, i.e. the water insoluble 
globulin from horse anti-pneumococcus serum, were heated alone or 
in presence of other proteins (water-soluble serum globulin, casein). 
Kleczkowski’s explanation, however, does not account for all cases, 
for example differences between sheep blood hemolysins (181) or the 
definitely greater heat resistance of immune in comparison to normal 
hemagglutinins, seen when the same antigen was employed e9 (p. 132 ) , 
The rate of destruction by heat is influenced by changes in pH and 
can be reduced by sufficient concentrations of salt and non-electrolytes 
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(sugar, glycerol, urea, etc.). 70 The order of reaction was found in 
several cases, but not regularly, to correspond to a Jnooomolecdar 
reaction (Z75). 

Of chemical reactions known to affect proteins several have been 
tried on antibodies for theoretical inquiry or in order to modify (lot 
therapeutic use) the undesirable antigenic properties of immune 
sera; also, substances to be employed as preservatives (such as 
phenol or cresol) were examined for their injurious effect on anti- 
bodies. Treatment with — , - 3 -’ 

ditions, has been investi ■ ■ .*« • ■' 

to the significance of Nh a groups tor specific combination and the 
mechanism of flocculation. The latter consideration was suggested 
by the observation that small concentrations of formaldehyde abolish 
the flocculating activity of antitoxins and anti-carbohydrate precipi- 
tins without destruction of their specific affinity/ 2 a situation likewise 
encountered in the acetylation of antibodies by ketene. 73 Coupling 
with diazonium compounds T< in not too large quantities, though 
altering the antigenic properties, diminishes the activity of antibodies 
but slightly; there was no indication that varying the azo components 
would influence the rate of degradation, or change the antibody spe- 
cificity, which indeed has not been accomplished by any other means. 
Common to all these alterations is the difference in susceptibility of 
various antibody functions 75 and the progressive deterioration with 
increasing intensity of chemical treatment. 

Regarding the action of enzymes 78 on immune seta, most reports 
agree in that antibodies are digested readily by pepsin and, less easi y, , 
by trypsin which in some experiments was found to act very slow y> 
a fact at times erroneously taken as argument against the pro et 
nature of antibodies. Working with agglutinins for B. 
Rosenheim (200) observed that after repeated injections of an g 


"(Sohlsl' (1S6), (187); on 

made by coupling With isocyanates of polynuclear aromatic q,o M ,< 
Such an antibody conjugate made with fluoresem isocyanate was us / 

Creech et at. for specifically staining antigen in tissues. 

(191)! (192) i iWura and Boyd O93), Chow 
Tt Reiner; Bronfenorenner et al ; Breml and Haurowitz, Marra ( 94 
et at. (195) ; cf- Heidelberger and Rabat (rod). 
w (186), (t88j, Cxij), (i 95 ). (i 97 " 1 99 h 
” v. Mattack (80). 
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the flagellar agglutinins became more resistant to pepsin and trypsin 
— not to papain — while no such change took place with somatic 
agglutinins. As an explanation Rosenheim suggests that these phe- 
nomena may be connected with the number and distribution of the 
binding sites in the molecule and the different mode of cleavage by 
pepsin or trypsin and, on the other hand, by papain. 

Of considerable interest in their bearing on antibody structure are 
recent studies utilizing enzymatic digestion for the purification of 
antitoxins. This subject was brought forward by Parventjev's patent 
for a process of antibody refinement consisting of partial peptic diges- 
tion between pH 4 and 4.5 and subsequent purification, which is aided 
by differential heat coagulation of the more readily denatured inactive 
protein, and results in a product with practically unimpaired antitoxic 
power but reduced antigenicity and altered reactivity as antigen” 
Flocculation of this product with toxin, splitting of the complex, and 
fractionation with ammonium sulphate led to an antitoxin having 
77 % of the nitrogen precipitable by toxin, a molecular weight of 
113,000 against 184,000 for the unchanged antitoxin, and an axis 
ratio of 5.3 instead of 7. 19 Thus “the increase in immunological 
potency of the molecule is directly proportional to the decrease in 
size/’ ” and the authors conclude that “the molecule has been split 
in a plane normal to the major axis.” Furthermore, since an inactive 
portion of the molecule is split off by enzymatic action and the re- 
maining part has full activity, it is suggested that the antitoxic sites 
are unsymmetrically distributed on the molecules. 80 

Plurality of antibodies in SERA. — The argued question 81 
whether the various reactions shown by an antiserum (agglutination, 
lysis, precipitation, complement fixation, opsonic action, passive 
protection, sensitization) are brought about by a single antibody 

" Weil el al (301) ; Pope (202) (digestion by pepsin or trypsin); Hansen 


(jjca). 


(75). 

Pappenbeimer et aJ (63) 
" («l)i (80), ( 3 I 2 ~ 3 Ij). 
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(“Unitarian” hypothesis) or by different ones can now be answered in 
general, if not in every special instance. It is certain that one antibody 
frequently causes reactions different in appearance. An acknowledged 
example, quantitatively verified, 82 is the agglutination of bacteria by 
the same antibodies that give precipitation and complement fixation 
with bacterial polysaccharides. Actually agglutination may be re- 
garded as equivalent to a precipitin reaction on the surface. Thus in 
experiments of Jones (218), collodion particles coated with proteins 
were agglutinated by high dilutions of the corresponding pretipttinsP 
Similarly blood corpuscles coated with soluble specific substances 
from cholera vibrios were found to be agglutinated by anti-cholera 
immune sera 84 and red cells treated with a subliminal amount of 
agglutinin were intensely clumped upon addition of a precipitin which 
combined with the agglutinin (Moreschi). 85 As an analogy illustrat- 
ing the Unitarian principle the various effects of tannic add — agglu- 
tination, hemolysis, hemotropic action — have been offered (Reiner) 
(PP* 6,255). 

These facts are clearly in agreement with the Unitarian hypothesis 
but it is not less certain that complex materials (sera, cells) can give 
rise to as many antibodies as there are antigenic components. 84 A fur- 
ther complication arises for the reason that one antigenic molecular 
species or even one determinant group does not engender just a single, 
uniquely defined counterpart of the antigen, but antibodies differing 
in specificity (p. 268), in the degree of affinity, and therefore in c 
shape of the reaction curves, and in other immunological manues 
tions also. 81 Related to this issue are changes in the immune sera 
during the course of immunization. A matter of common expenenc 

is the increase in strength and extent of cross reactions upon co 
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tinned injection of antigen. In part this is referable to higher antibody 
content (p, 19) but there are observations indicating the develop- 
ment of antibodies with greater combining capacity, 83 and a quali- 
tative change was strikingly demonstrated by experiments of Hooker 
and Boyd (237) in which the precipitation by sera taken at a later 
stage was inhibited by a substance that showed no inhibition with 
the samples from earlier bleedings. Other findings concern the 
increased resistance to enzymes, just mentioned, the gradual develop- 
ment of heat resistance, 90 and avidity, 91 and variations in the distri- 
bution among the globulin fractions. 92 

Certain species differences in antibodies have been noted in the 
preceding pages; M many others (p. 246) were disclosed in the thor- 
ough work of Goodner and Horsfall 9 * which included examination of 
anti-pneumococcus sera from over ten mammalian species, classifiable 
into two groups. An outcome of their work was the introduction of 
rabbit antisera into the therapy of pneumonia. 

The formation of antibodies. — Before broaching the problem 
of antibody formation, it will be convenient to take cognizance of 
some pertinent experimental facts. 95 

Antibodies may be detectable in a few days following the injection of 
antigen (according to some statements within 24 to 48 hours) ; 98 after one 
to two weeks the antibody litre in the serum reaches its peak whereupon it 
gradually falls off as the result of elimination and diminishing production. 91 
The rate and intensity of antibody formation is generally enhanced when 
antigen is administered again to a previously treated animal; after copious 
bleedings the antibody level is restituted shortly and the production may 
even be accelerated." Upon long-continued immunization, dependent on 

"Heidelberger et al. (23 3), (234), MaQciel and Boyd (235). Pappenheimer 
fo6>; v. (p. 140). 
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**v. (345); Perlnunn et al. (J 4 j). 
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legs of immunized rabbits which were transfused by connecting the vessels 
with those of a normal animal; it remained undecided which tissues were 
responsible for the result. 

Findings which suggest the possibility of local antibody formation in 
infected sites have been presented by Oerskov and Andersen (245), and 
others 107 Roemer’s report (267) on immunization of the conjunctiva 
against abrin, and experiments on induced resistance of red cells to the 
hemolysin of eel serum, 100 likewise dating far back, have not been confirmed. 
The latter observations could possibly depend on adsorption of antibodies 
from the serum or on non-specific resistance 

The resistance of lower animals against infections has been investigated 
by Metchnikoff (269) in connection with his theory of cellular immunity 
by phagocytosis, and acquired immunity and antibody formation have been 
observed in lower vertebrates, and in insects and other invertebrates. 107 If 
antibody formation is taken as a special case of adaptive biological proc- 
esses, the induced fastness of bacteria and protozoa towards serological 
agents or chemicals would be in some degree related phenomena. 

On natural and acquired immunity in plants and the alleged but wholly 
doubtful production of antibodies see (272-276) , 

Theories of antibody formation. — The antibody response fol- 
lowing the introduction of immunizing substances, intimately con- 
nected with the physiological synthesis of proteins, is in various of 
its aspects still as puzzling today as at the time when this remarkable 
phenomenon was first discovered. Of the hypotheses that have been 
proposed the simplest, in a certain sense, is the assumption, first ad- 
vanced by Buchner and still maintained at times, that the antigens 
enter into the composition of the antibodies. This offers an evident 
reason for the specificity of antibodies, although it would not by itself 
account for their affinity. To this conception are opposed strong 
arguments, chiefly the failure to demonstrate the presence of the 
antigen in immune sera, even when antigens detectable in minute 
amounts are used for immunization. 

. Doerr and Friedli, and Berger and Erlenmeyer 108 after immuniza- 
tion with a conjugated protein containing arsenic found no arsenic 
in the sera, or not more than in sera of untreated animals, and in the 
investigations of Heidelberger and co-workers with a highly col- 

j"v. (36), (360), (244). 

* • inst hemoglobin contain no blood pig- 

ment (3S2). 
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sitions. It may best be rendered in the author’s own words: “If is 
assumed that antibodies differ from normal serum globulins only in 
the way in which the two end parts of the globulin polypeptide chain 
are coiled, these parts, as a result of their amino acid composition and 
order, having accessible a very great many configurations with nearly 
the same stability; under the influence of an antigen molecule they 
assume configurations complementary to surface regions of the an- 
tigen, thus forming two active ends . 118 After the freeing of one end 
and the liberation of the central part of the chain this part of the chain 
folds up to form the central part of the antibody molecule, with two 
oppositely directed ends able to attach themselves to two antigen 
molecules.” The stimulating arguments of the author deal with the 
antigen-antibody ratio, the postulated maximum bivalence of anti- 
bodies, antigenic activity, protein structure, and other items. 

For the decision of the fundamental point whether all antibodies 
(from the same animal species) are strictly identical chemically, i.e. 
in the content of amino acids and the arrangement in the chain, the 
available analytical and serological data are not quite sufficient should 
the reactive groupings constitute only small portions of the mole- 
cule . 119 From a teleological point of view one could surmise that 
changes of the amino acid make-up, in conjunction with different 
folding, would afford the widest scope for variation, if the unfounded 
assumption of prosthetic, non-peptide groups is left out of account. 

An obstacle to all theories based upon relatively simple premises 
is the complexity of the biological phenomena of immunization, whic 
is already seen from the association of antibodies with particular 
protein fractions or the differences between individuals as , r j^ a . r , S 
antibody production , 120 the latter, moreover, being influenced by 
nature of the antigens. Auxiliary hypotheses are thus require o 
explain the increase in serum globulins following immunization, 
the enhanced and often modified response to repeated adminis i ra 
of antigen, indicating that an impression is left upon the an 
producing cells which lasts after the disappearance of the an ig 

Cf. with this statement p. 143. In later papers of Pauling the contingen y 
a valence greater than two is accepted. 

„hid. cause these variati® tew 
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This inference seems supported by experiments with tissue cultures 
that showed that cells can maintain their sensitivity to tuberculin for 
a few transplantations. 122 

It is not surprising that efforts should have been made to produce 
antibodies outside the animal body, in cell cultures or in cell-free 
solutions. 

Antibody formation in cell cultures has been repeatedly reported 
but in careful work of Parker (310) the results were positive only 
when the tissue (spleen) was taken from an animal which had been 
injected with the antigen 2 or 3 days earlier. 

As to the experiments made in the absence of active cells, the specificity, 
alleged to be equal to that of immune antibodies, of hemagglutinins which 
were recovered from normal serum by splitting the combination of natural 
agglutinins and erythrocytes can be readily explained by selective absorp- 
tion of the agglutinins originally present in the serum (311). The claim 
made long ago by Osstromuislenskii (312) oi having produced diphtheria 
antitoxin by keeping a mixture, containing 6% salt, of serum and toxin for 
1-2 days at 37 0 is unsupported; 123 also Loiseleur’s experiments (314) 
(electrodialysis of antigens) have apparently not been repeated by others, 
and the assertions of Mez on the production of artificial sera to plant pro- 
teins have been refuted by Eisler (p. 23). Quite recently provocative re- 
sults were communicated by Pauling (315). Following up a plan suggested 
by bis theory of antibody formation, Pauling mixed y-globulin with dyes 
(aniline blue or an arsenic acid azodye) or the polysaccharide of Type IH 
pneumococci and kept the mixtures under conditions in which partial de- 
naturation and refolding of the proteins into a configuration complementary 
to the added substance might occur, and with the protein solutions so oh* 
tained he produced precipitation of the dyes or the polysaccharide which 
appeared to simulate antibody reactions in their relation to the substances 
employed. Before more extensiye results on cross reactions and on the pro- 
duction of precipitins for proteins and cells are available, it is too early to 
judge to what extent the treated protein solutions are comparable in speci- 
ficity to antibodies generated in the animal, but it goes without saying that, 

“Moen and Swift (305). The fact that immunity can last for many years 
would be a decisive proof, but in the most striking case of virus infections (small- 
pox, measles, yellow-fever), the permanence of active virus cannot be excluded 
[v. Rivets (306)]^ ; . L 

Certain allergies in which long persistence of the inciting agent can scarcely be 
assumed are possibly a relevant instance. 

” Several similar allegations are quoted in (313). 
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if it were fully corroborated that proteins through artificial means cm ac- 
quire, even to some degree, a predetermined configuration, this would beef 
fundamental importance ior the understanding of antibody specificity, as 
well as for the knowledge of protein structure. ■ ’ 
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ARTIFICIAL CONJUGATED ANTIGENS. SEROLOGICAL 
REACTIONS WITH SIMPLE CHEMICAL COMPOUNDS 


Eon a considerable period oi time alter discovery o! serological, 
phenomena and despite an abundance of observations, a method was 
yet wanting for the systematic investigation, along chemical lines, of 
specificity in serum reactions. It was indeed clear that serological 
reactions must somehow be dependent upon the chemical properties 
of the substances involved, though this was doubted, 1 but insufficient 
chemical knowledge concerning the available antigens (proteins) 
and still more so concerning the nature of antibodies made a closer 
analysis impossible. With this state of affairs it is comprehensible 
that even in 1917 Morgenroth (3), although a follower of Ehrlich’s 
chemical theories, was led to comment on serology as a field to which 


there leads no bridge from chemistry. 

A workable approach was found when it proved possible, by at- 
taching simple chemical compounds to proteins, to prepare conju- 
gated antigens containing specifically reacting components of known 
constitution, chosen at will. At the outset, the prospects of realizing 
this plan were slight. It is true that, as the investigations of Ober* 
- mayer and Pick had shown (p. 48), the two defining properties of 
antigens — their capacities to immunize and to combine with anti* 
bodies — may persist when the structure of the protein molecule is 
altered by rather drastic chemical treatment, as iodination of tbe 
tyrosine groups, oxidation or nitration. Yet these properties were * 
stroyed by other chemical changes (treatment with enzymes, a h 
and on the basis of all existing evidence there was an almost dogma 
belief that the two above named functions of antigens are msepar , 

and that a special chemical constitution, peculiar to proteins an n 
even to all of them, is necessary for the production of antioo ie, 
accordingly for (he reactions in vitro as well. It could there 
be foreseen that '.antibodies would react with chemica . 

entirely unrelated to proteins, just as no other substances ba P 1 
were known to be susceptible to peptic or tryptic digesti 


1 v. (x). (2). 
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early experiments in this direction proved unsuccessful and were not 
continued (4). Years later, however, an investigation conducted by 
the author and his colleagues (5) gave promising results in a first 
series of experiments. These consisted of the introduction of acyl 
groups into proteins by treatment with anhydrides or chlorides of 
acids (butyric, isobutyric, mono-, di- and trichloroacetic, anisic and 
cinnamic acids). As in the case of the previously investigated acetyl- 
and alkylproteins (p. 51) the original specificity of the protein was 
changed, but in addition the various products were serologically 
clearly differentiated and showed cross reactions in the case of chem- 
ically related acyl radicals. 8 The procedure was a step forward since 
it became possible to prepare by the same general chemical process 
a number of serologically different protein derivatives whose sped- 
ficity was undoubtedly ascribable to the nature of the acyl groups 
that had been introduced. There still remained the question , how- 
ever, whether these are capable of reacting by themselves or only in 
conjunction with neighbouring portions of the protein molecule. It 
was therefore of importance that in the coupling of proteins with 
dia2onium compounds 8 an easily applicable method for the prepara- 
tion of “synthetic antigens" was found (n-13) which removed this 
doubt and, as will be seen, proved to be of general application. 

The reaction is that used for the preparation of ordinary azocompounds; 
e.g.» phenol and benzenediazonium chloride give p-hydroxyazobenzene: 

O 0H +O N«=NC!-+ +HC1 

The coloured products formed by coupling with diazonium com- 
pounds • (designated as azoproteins), when prepared in a suitable 
manner, give but weak reactions with immune sera for the unchanged 
protein and elicit the formation of antibodies in rabbits even when 
the serum of this species is used for the preparation. Nevertheless, 
the protein specificity is retained to a certain extent, depending on 
tfie azocomponent and the degree of coupling, 4 for immune sera 
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against azoproteins precipitate not only the homologous azoantigen 
but also mostly the original protein as well as various azoderivatives 
thereof; and there is evidence to show that these reactions are not to 
he explained solely by some uncoupled protein admixed with the im- 
munizing antigen [Heidelberger and Kendall (15)], but to antibodies 
stimulated by the azoproteins. Further, on testing azoantigens pre- 
pared with the same azocomponent but with different proteins the 
reactions, as a rule, vary in intensity according to the relationship oi 
the proteins to that contained in the immunizing antigen. The amount 
of precipitate diminishes, for example, in the order horse, ox, man,' 
birds and rabbit when the antiserum employed is produced in the 
rabbit with an azoantigen from horse serum. Evidently in these re- 
actions determinant structures comprising the azogroups and adja- 
cent parts of the proteins are implicated. Therefore, to exclude over- 
lapping reactions caused by the protein part of the antigen, it is 
essential to carry out the immunization and the precipitin tests with 
azoantigens made from widely different proteins, e.g., the immuniza- 
tion with azoproteins from horse serum and the reactions in vitro with 
a2opToteins prepared from chicken serum (or serum of the immunized 
species), or using serum globulin and egg albumin in a similar way. 
Indeed, this artifice together with the choice ’of reactive azocom- 
ponents was decisive in definitely establishing the specific reactivity 
of haptenic groups in artificial compound antigens. Under proper 
conditions, then, the spccificityis directed towards the azocomponents 
only and is independent of the protein portion of the antigen* This 
was proved by the agreement of the reactions of azoantigens made , 
with the same diazonium compounds but different animal or plant 
proteins (21) — casein, hemoglobin, zein, legumin, etc. or even 
gelatin e or histone which were not known to be suitable for serum 
reactions. One notices also that blood stromata and red cells, a er 
treatment with diazonium compounds, are agglutinated by t e c 
responding anti-azoprotein sera (21a). Hence, for most purpoa 

* For this reason the objection which has been wade occasionaily 
r .1- f the protein regardless of the 


The production of immune sera with azogelatin has.already been no ^ 
62); according to Adant (1?) the sera would precipitate . 6 -jj, other 
[v. Bmynoghe et al. (18)). Reactions m vitro .^^"pSin coupieti 
gelatin derivatives [Glutton, Hanngton and Yudl (.tg)}-? scl : v [ t y by trssi- 
diazonium compounds after it had been deprived of Rs antige . effect. 
went with alkali was found by Doerr and Girard (20) to have no anug 



ARTIFICIAL CONJUGATED ANTIGENS 159 

does not matter whether protein mixtures, such as blood serum, or 
purified proteins are chosen for the preparation of the azoantigens. 7 ' 
The reactions are performed most conveniently by precipitation but 
as Klopstock and Seller (25) showed, complement fixation tests are 
applicable as well. 

It is not always easy and may require a number of animals to obtain 
immune sera specific for the azocomponents and often, contingent upon the 
response of the individual animal and the nature of the introduced groups, 
sera are produced that precipitate strongly the immunizing azoprotein and 
others containing kindred proteins, 8 but precipitate not at all or only 
slightly azoantigens made from widely distant proteins Of course such 
sera are not suitable for the studies here under discussion on serological 
specificity in relation to chemical constitution, a point which has some- 
times been overlooked. 

Tests with two immune sera tabulated in a recent paper by Haurowitz 
(27) may be quoted as example The author’s statement that “the deter- 
minant group of the azoproteins includes a portion of the proteic molecule” 
applies to the tests he considers but not to reactions one may secure with' 
azoantigens whose protein moiety is sufficiently foreign to that in the im- 
munizing antigen. 

Those immune sera which possess the desired hapten specificity 
contain commonly, as shown by adsorption or quantitative determi- 
nation of the precipitates, three or more sorts of antibodies, directed 
towards the protein used for preparing the antigen, towards azopro- 
teins made from this or somewhat related proteins containing the 
homologous or even other azocomponents, and towards the uncom- 
bined azocomponents. 0 The existence of antibodies of the second 
type adjusted more closely either to azotyrosine or to azohistidine 
groups has been demonstrated by Hooker and Boyd (31) in inhibi- 
tion tests with azocompounds of phenol and imidazol. That the con- 
jugates are presumably not entirely homogeneous is of little conse- 
quence; 10 special antibodies adjusted to antigens having many or 
few haptenic groups respectively do not seem to exist (29). 

It appeared from experiments with amino acids (10) that the for- 


'v Erlenmeyer and Berger (22). Also bacterial proteins [Heidelberger (23)) 
and proteoses (24) have been used. 

'(n), (26). 

* Landsteiner and van der Scheer (28). Haurowitz (27). (* 9 V Similar ob- 
servations were made with various chemically altered proteins (29) , (30). 

*It is here worthy of notice that Reiner (32) was able to prepare crystallized 
azoinsulin. 
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antigens, for any method which results in a firm chemical attachment 
of the substance chosen as antigenic determinant, to protein, should 
be effective. Up to now, treatment with anhydrides, acylchlorides, 
azides, isocyanates, aldehydes, halogen compounds, oxazolones and 
a quinone have been subjected to examination. Whether with these 
methods antigens exhibiting hapten specificity are secured is largely 
a question of the attached substances, that is of their capacity to 
serve as determinants. 17 Coupling with diazonium compounds has 
been used preferentially because of the facility with which widely 
varied conjugated antigens can be prepared; for special purposes 
other methods of combination may be of advantage and with some 
compounds possibly may yield more active antigens. That a “more 
natural” linkage like the peptide bond is preferable to azo-linkages, 
as suggested by Clutton and Harington, 18 is not evident from the 
results so far obtained and, when the same independently reactive 
substance is coupled to protein in different ways, the corresponding 
immune sera, if containing antibodies for the attached group, will 
necessarily react with the uncombiped hapten in similar fashion. 
Experiments of Mutsaars (49) with ureido- and azo-proteins, made 
to test this point, do not carry conviction since the residues (phenyl-, 
naphthyl-) employed are not effective determinant groups, hut the 
postulate was fulfilled in the cross reactivity of glucosidophenyl azo- 
protein and glucosidocarbobenzyloxytyrosylprotein. 19 

Serological reactions of aromatic compounds.-^ T he experv 
ments on conjugated antigens were at the start made with easiy 
available aromatic amino compounds — generally with acids (car- 
boxylic, sulfonic and arsonic acids) — • on the assumption that sa 
forming groups would have greater reactivity. Afterwards 0 
compounds were used, and it became evident that a great vane y 
chemical structures foreign to proteins are capable of giving se 
reactions with antibodies. , . nwQ 

The immune sera prepared to the various substances had 
specificities and reacted most intensely and in some cases on / 

the antigen bearing the homologous azocomponent, the ccos , & 
tions encountered showed definite regularities, in close acc 
’ with chemical relationships. 


lf Positive results, apart from those discussed in the following, hav 
taioed with ^-naphthoquinone-sulfuric add [Obo t4o) . 

* (4?); Harington (48) (Lecture on “SyntheUC Immunocftenustf} 
5 * Clutton et al. (50); v. Creech and Franks (S 1 )- 
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The number of group reactions was increased, though without material 
alteration to the results, when the precipitation was intensified by taking 
a larger proportion of immune serum, or on longer standing. Similarly, as 
with natural antigens, there were differences in the cross reactions of sera 
procured from individual animals. 20 With regard to technique it should be 
mentioned that with too high antigen concentrations, particularly of those 
azoproteins which are not easily soluble, non-specific precipitation may 
occur. 

The principal results of numerous precipitin tests with azoproteins 
were the following, as illustrated in Tables 1&-20: 21 

1. First of all, the nature of the acid groups was of decisive in- 
fluence. Sulfonic acid immune sera reacted markedly with several 
sulfonic acids, but little, if any, with carboxylic acid antigens, and 
carboxylic acid immune sera only exceptionally gave distinct reac- 
tions with azoproteins containing sulfonic acid groups. The determin- 
ing influence of the arsenic acid radicals was still more pronounced, 
as is indicated by the fact that arsanilic acid serum precipitated all of 
the six substances tested containing the group As 0 3 H 2 and none of 
the other antigens. 

2 . In contrast to acid groups, substitution of the aromatic nucleus 
by methyl, halogen, methoxyl and nitro groups was of less influence 
on the specificity. 

Thus in the tests presented in Table 19 the immune sera acted with 
varying intensity on almost all of the antigens possessing mono-, or 
di-substituted benzene rings; the more strongly polar group N 0 2 
appeared to change the specificity to a somewhat greater extent than 
halogen and CH 3 . The radicals containing a carbonyl or CONH 
group constituted an exception, for, with the same sera, antigens 
prepared from acetyl p-phenylenediamine and p-aminoacetopbenone 
did not give any, or but slight precipitation. In experiments of Hop- 
kins and Wormall on phenylureido proteins the introduction of bro- 
mine into the phenyl group did not alter the specificity considerably. 

On testing antisera to azoproteins prepared from aniline, p -amino- 
diphenyl and / 3 -ammoanthracene with the respective homologous and 
£-naphthy!amine 22 antigens, distinct specificity was shown by “ani- 

* (n) (Table II, lines to, u, ia, 13, aa, 23); (v. p. 17, Table 4). 

" The antigens and immune sera are designated, for brevity, with the name of 
the simple compound used in the preparation of the antigen. The other abbrevia- 
tions are self-explanatory. 

■v.(sj). 
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line” immune sera while cross reactions were observed between 
aminodiphenyl or aminoanthracene sera and ,8-naphthylamine antigen 
[Jacobs (53)]. Sera for p-aminoethyl- and p-aminobutylbenzene 
showed some crossing and reacted faintly with aminohexylbenzene, 
not with aminooctylbenzene antigens. 23 Quite possibly the hydro- 
carbon residues are responsible for the specificity of the reactions 
only in conjunction with adjacent parts of the protein. 

The prominent influence of acid groups, in contrast to that of other 
substituents, is also apparent from the fact that aniline sera do not 
precipitate antigens with add groups and that the immune sera for 
azoproteins containing acid groups give negative or quite weak reac- 
tions with “neutral” antigens 21 (Table 20). 

' In this regard an azoprotein prepared with the methyl ester of 
p-aminobenzoic add displayed a characteristic behaviour (57). Like 
other “neutral para-antigens" it gave definite reactions with aniline 
and p-toluidine immune sera, and very faint ones with a serum for 
p-aminobenzoic acid. If, however, the ester was hydrolyzed by gentle 
treatment of the azoprotein with NaOH, the precipi lability by “neu- 
tral” immune sera gradually disappeared almost entirely, with the 
concomitant appearance of strong reactions with p-aminobenzoic acid 
serum. Immune sera prepared with the ester antigen precipitated the 
homologous azoprotein but not that made from p-aminobenzoic add. 

Furthermore, spedficity is more sharply defined in antigens with 
acid groups in that their reactions are, for themost part, morestrongly 
influenced by substituents than are those of the neutral antigens 
(Tables 18, 19). 

3. Another rule, seen from the very distinctive reactions of the 
three isomeric aminobenzoic acids and aminocinnamic adds, is that 
the relative position of the acid radical to the azogroup has a pro- 
nounced effect on spedfidty and the occurrence of cross reactions. 
Thus, Table 18 shows clusters of positive reactions, namely with an- 
tigens prepared from m-aminobenzoic acid and its derivatives, a 
group of meta- and one of para-aminobenzene sulfonic acid antigens 

”(54). Azoconjugates with higher hydrocarbons — anthracene, butylbenzene 
— appeared to be poor antigens and those containing hexyl- or octylbenzene failed 
to elicit antibodies. Antisera for ^nlhranyi-carbamido protein, apparently with 
hapten speci&city, were obtained by Creech and Franks (51,55), and an analogous 
conjugate was made with the carcinogenic hydrocarbon r,3,j,6 — dibenzin- 
thracene. 

“The discordant results of Adant (56) must be ascribed to unsuitable tech- 
nique. 
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and derivatives of these adds. The p-aminobenzene sulfonic add 
sera gave slight reactions with meta- and at a later reading also with 
o-sulfonic acid antigen (12), and the reactions of the p-aminophenyl* 
arsenic add serum showed similar gradations. Worthy of note is the 
action of o-aminobenzoic add sera on o-aminobenzene sulfonic add 
antigen, which may be comparable in strength to the homologous 
preparation in spite of the difference in the add groups, and evidently 
depends on the identical position. 23 

A striking illustration of the role played both by the nature of the 
acid groups and their position in the benzene ring is given in Table 21 
from an experiment with an m-aminobenzene sulfonic acid serum 
(28). 


Table ax. Anticens Tested with Immune Serum tor Meta- 
Auinobeneene SutrONic Acid (Mrtanhic Acid) 



NH, 

NH, 

NH, 

Antigens 

O' 

a 

0 


orlho- 

meta- 

para~ 

Amincbenzene sulfonic acid 

+* 


±. 

Aminobenztne arsenic add 

0 


0 

Aminobenxoic acid 

0 


0 


R designates the add groups (CQOH or SOJI or AsOtHi). 


In the case of less effective neutral substituents the position was 
of greater influence than their nature. Thus immune sera for para 
compounds acted with almost equal strength on most "para”-antigens 
(which in part could not be differentiated), not so intensely on meta*, 
and still less on ortho-antigens. 

Passing on to subsequent work by several investigators, notice may 
first be taken of experiments by Haurowitz (27) on conjugates made 
from a diazotized ammonium base, m-amino-phenyUrimethyl-am- 
monium chloride. The results indicated that strongly basic groups are 
probably as effective as acid groups in directing specificity. Antigens 
containing a pyridine base were first prepared by Berger and Erlen- 
meyer; 58 in later studies pyridine and carboxy-pyridine conjugates 
were found tb compare satisfactorily in specificity with benzene de- 

** Other examples can be found In (ta), 

“ (S8); v. Hooker sod Boyd ($9), 
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rivativcs. 27 In the examination of other heterocyclic substances ~ 
pyrazolone compounds * s — sharp distinction was seen between two 
isomeric amino antipyrines, 20 a case of interest with regard to the 
question whether the antibodies are adjusted to the whole ring system 
or to circumscribed reactive groups. 

A number of azoantigens were prepared by Berger and Erienmeyer 
in order to demonstrate the serological similarity of compounds which 
are closely related in chemical properties and physical constants, acd 
which often are able to replace each other in crystals. Of the groups 
of substances (p. 265) tested by these authors, benzene and thio- 
phene, 30 and pyridine and thiazole, 31 may here be cited as pairs which 
proved to be serologically nearly equivalent. 

Conjugated antigens with aliphatic side chains. 33 —By 
combination with diazotizable aromatic compounds the azoprotein 
method can be applied over a wide range of aliphatic substances. 
Thus, to prepare antigens from aliphatic acids, dibasic adds were 
fused with p-nitroaniline, and the nitroanilicacids formed in this way 
were coupled to protein after reduction of the nitro groups and diazo- 
tization. For comparison, antigens were made from aminophenyl- 
acetic acid and aminoacetanilide and their homologues. {In other 
cases aminobenzoyl derivatives and the like were used to obtain dia- 


zotizable compounds.) 

As shown in Table 22 the immune sera against the lower anuic 
acids (oxanilic and succinaniKc adds) were distinctly specific, so that 
lengthening or shortening of the chain by only one carbon atom pro* 
duced a marked difference, whereas the other two immune sera (to 
adipanilk and suberanilic adds) show much stronger overlapping 
reactions with the neighboring members of the series and vnUJ e 
“amhophenyi” preparations Similar but less selective were e 
reactions of the antigens made from aminophenylacetic acid an 
homologues, and of the anilides. The more pronounced spew®*® 
the anilic acid antisera would seem to indicate that, like acmgro ps, 
the polar CONH group is of significance ; according to prelimin 7 
experiments it seems to enhance the immunizing activity. 


*($0); v. (p. iSj). 

* Berger 3nd Lrlenmeyer (< 5 r ) ; v. (62). 
*Karte ((S3). 

10 (64I; v. p. 187. 

M Landsteiner and van der Scheer (6$). 
** cf. the comment of Haurowiu (14). 
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Concerning the cross reactions it may be argued (also in other in- 
stances) that the compounds attached to protein are disintegrated in' 
the animal body with subsequent production of antibodies to hap- 
tenic groups. Such an assumption could apply at any rate only to tie 
cross reactions of compounds with shorter side chains and, as the 
substances differing from the homologous one by an even number of 
carbon atoms are not singled out, is Inconsistent with the experi- 
mental evidence that in vivo oxidation of aliphatic chains proceeds 
by the loss of two carbon atoms at a time. 

A new way of attaching aliphatic compounds was devised by Pil- 
leraer and Ecker (66), namely the interaction of organic halogen 
compounds with SH groups. The combination was effected with re- 
duced keratin, rich in SH groups, and a series of halogenated fatty 
aci^s (or halides of alkyl-benzenes), feather keratin being used for 
the immunizing antigens and wool keratin antigens for the tests. The 
reactions paralleled those shown by azoantigens, especially in the 
greater specificity of the shorter chains. 

Further observations concerning the specificity of aliphatic com- 
pounds will be mentioned in the following sections. 

Specificity of stereoisomeric compounds. — The marked dif- 
ferences among aromatic compounds, isomeric with respect to the 
position of substituents in the benzene ring, and the gradation in their 
cross reactions described above have already given a definite indica- 
tion that spatial structure, as well as chemical constitution in the 
ordinary sense, plays an important role in serum reactions, as has 
been shown for enzymatic processes by E. Fischer (67), and repea - 
edly confirmed. Fischer’s conception had, in a hypothetical way, 
been applied by Ehrlich to the specificity of serum reactions- 0 
prove the matter, the investigation of stereoisomeric substances 
undertaken by the author. Suggested by the work of Ingerso 
Adams (68) on staining with optically isomeric dyes, d- and -pa 
aminobenzoyl phenylaminoacetic acids were first used (69) • 


r cooff 

COOK H 


On immunizing with the corresponding azoproteins, 
sera were obtained which distinguished the two 1S0 , 0 f atoms 

This demonstrated that a change in the spatial artang 
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or radicals linked to one asymmetric carbon atom suffices to alter 
serological specificity. 

The work was continued with the stereoisomeric tartaric acids 
(dextro, laevo, meso) which, alter being converted into amino- 
tartranilic acids and diazotized, were coupled to protein. 84 Again the 
serum reactions showed a distinct difference between the stereo- 
isomers (Table 23). The stronger cross reactions of the meso-antigen, 
in comparison to those between the d- and 1-antigens, are plausibly 
attributable to the circumstance that in the first case the difference 
in configuration involves one, in the other two asymmetric carbon 
atoms. 


Tabu 23 

[after Landsteiner et al. (70)] 




Antigens from: 



I-Tartaric add 

d-Tartaric add 

m-Tartaric add 


COOH 

COOH 

COOH 


BOCK 

HCOH 

HCOH 

Immune Sera 1 

HCOH 

HO(!h 

litoH 


COOH 

COOH 

COOH 

I-Tartaric acid 

+++ ++± 

± 0 


d-Tartaric acid 

0 0 


+ i 

m-Tartaric acid 


0 0 

+++ +++ 


Concentration ot antigens oos$» (first column), 001% (second column). 


Tartaric acid sera also react with malic acid antigens, 89 the d-serum 
chiefly with the d-, the 1-serum with the I-compound, and vice versa, 
in agreement with the configurational correspondence demonstrated 
by Freudenberg and Brauns between those optically active malic and 
tartaric adds which rotate polarized light in the same direction. This 
showed that, in principle, serum tests, like enzyme reactions (E. 
Fischer) , may be used for the determination of spatial configuration. 

That steric configuration must be of importance also for the speci- 
fidty of bacterial polysaccharides could hardly be doubted, especially 
on account of the relationship of tartaric acid to sugar adds. This 
presumption was substantiated by Avery and Goebel, who applied 
very successfully, as discussed below, the azoprotein method to the 
serological examination of carbohydrates. 

* Landsteiner end sin der Scheer (70). 


(■3), (?i). 
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Tie demonstration of immunological specificity in tie typical casi 
of cis-trans isomerism — maleic and f umaric acids — was attainei 
indirectly (p. 192). 

Carbohydrate-azopkoteins. — With the purpose of elucidating 
the serological reactions of bacteria! polysaccharides, an extensive 
study on artificial conjugated carbohydrate-proteins was carried oul 
by Avery and Goebel. First, the simple sugars glucose £nd galactose 
were converted into p-amino-phenol-yS-glycosides which, after diazo- 
tization, were coupled to protein. The antisera produced with the 
resulting antigens differentiated the two substances sharply, showing 
that in sugars, too, interchange of H and OH on one carbon atom 
alters the immunological properties (72). Acetylation changed the 
specificity of the yS-glucoside; the stereoisomeric a- and /J-glucosides 
were distinguishable, but exhibited strong cross precipitation (73, 
74). 



/-Anloopbtnol a |Juco*We f -Aininophtnol /J-|h>co«idc 


Antibodies for 0*/3-glucosido-N-carbobenzyIoxytyrosyl protein 
were found by inhibition tests to be directed towards the ^-phenolic 
glucoside grouping and the carbobenzyloxy group as well. 

Rather complicated relationships — represented in Table 24*- 
were encountered between the lour disaccharides, lactose, gen 0- 
biose, cellobiose, maltose, and the monosaccharides glucose an ga- 
lactose. The occurrence and intensity of cross reactions depen g 
on similarities in structure could not be definitely explame jn 


cases; of primary significance was the configuration 


of the terminal 


hexose. 8 ' 


Extension of the work to uronic acids ( 76 , 77 ) was 


indicated be- 


the serologically a 


cause of the prominence of these sugar acids in t— — , nl , nt 
Friedlander bacilh and plan 


rive polysaccharides ol pneumococci, n™™" — hv 
gums. While it could be expected that the azoproteins 


(75a) ; V (p 7 2M,’ cf. S p.' 178) ; of. the discussion by Marrack (75b)- 
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coupling the diazotized p-aminobenzyl glycosides of glucuronic and 
galacturonic acids, and of glucose and galactose, would be quite dif- 
ferent serologically, a novel fact emerged, namely immunological 
relationships of natural and artificial antigens; such reactions were 
shown by Goebel et al., who demonstrated the precipitation, in high 
dilutions, of glucuronic acid azoprotein by sera for pneumococci of 
types II, HI, and VIII, and by Woolf, Marrack and Downie (78) 
with an azoprotein made from a natural glucuronide, euxanthic acid, 
and Pneumococcus type II immune serum. 

The method of Goebel of synthesizing aminobenzyl glucosides is gen- 
:thod consists of introducing an 
iiazonium compound, ‘followed 


Cross reactions, thus far unique, of compounds unrelated except 
for the presence of acid groups were observed by Goebel and Hotch- 
kiss (77) when they found that p-aminobenzene sulfonic and car- 
boxylic acid antigens are precipitated by various pneumococcus horse 
immune sera. The precipitation of galacturonic acid antigen by anti- 
sera for pneumococci which do not contain this substance may be a 
somewhat similar case. 

A still closer approach to the serology of bacterial polysaccharides 
was to be anticipated through the use of antigens prepared from aldo« 
bionic acids, of more complex structure than simple uronic acids.” 



The experiments were begun with cellobiuronic acid which is a di- 
saccharide consisting of one molecule of glucuronic acid and one 
molecule of glucose bound in glucosidic linkage, and is a chief con- 
stituent of the polysaccharide of Pneumococci III and VIII. Immune 
sera against cellobiuronic acid reacted with the disaccharide itself 
and with both portions of the molecule, glucose and glucuronic acid. 
More remarkably, not only did cellobiuronic acid antigen precipitate 
with Pneumococcus III, VIII (and II) sera, but cellobiuronic im- 

" Goebel (79). 
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TXbiz 24. — ■ Reactions or Antisera tt 
with Homologous and Hetesolococ; 
1:50000 [Goebel, Avery and Babes; 



a- 

glucoside 

antigen. 

glueosiie 

antigen. 

fi 

gaJactoside 

antigen. 

fi-cellobiosids 

antigen. 
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CHDH 
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O^CH 

•V 
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/bmaltoside 
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0 
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0 

0 

++ 

+ + + 

0 

++++ 

+++ 
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mune serum agglutinated Pneumococci III, precipitated the capsular 
polysaccharide, and immunized mice against infection with the three 
pneumococcus types — the first time an immune serum produced by 
means of a synthetic substance acted upon a natural antigen and 
protected against an infectious disease. Another aldobionic add used 


age. The two acids cross-react, evidently owing to the glucuronic auu 
part which is common to both, and gentiobiuronfc acid cross-reads 
with gentiobiose. Gentiobiuronic acid immune sera protected mice 
against pneumococci of type II (not against type III or VHI), 
since protection was then found to be afforded by sera for glucuron 
add, one may suppose (that is, on immunological grounds) that * 
uronic add, not yet chemically identified, in the capsular polys 
charide of the microbes is glucuronic add. . 

Applying the azoprotein method to a substance of large mo ecu 
size, Avery and Goebel (81) converted the type specific po -ysw 
ride of type III pneumococd into a complete an tigenby »*y 0 
tizing an aminobenzyl ether of the carbohydrate and coup mg, 
diazotization, with serum globulin (p. 108). # . _*>. 

PeptidE'Azopkoieins. — The serological examination \r 
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Mono- and Di-Sacchamde Antigens 
Antigens; Antigen Concentration 
(7Sa)]; [after Mawuck (ng )3 
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tides” was undertaken with a desire to gain information on the 
specificity of proteins. The peptides were nitrobeiuoylated and re- 
duced to amino compounds, and these were converted into antigens 
by coupling to protein. Azoproteins were prepared in the same man- 
ner from the amino adds glycine, ieudne, glutamic add , and trypto- 
phane. 

The azoproteins from amino adds proved to be distinctly specific 
in their reactions with the corresponding antisera, strong cross reac- 
tions occurring only in cases of the related compounds glycine and 
alanine, valine and leucine, and asparaginic and glutamic add, which 
however could be differentiated without difficulty (83). 

Conjugated antigens containing tyrosine (p. 162) in peptide linkage were 
synthesized by Clutton, Harington and Yuill. 49 

Lettrfi and Haas (84) prepared an antigen containing benzoyhlanin 
residues by treating protein with the corresponding oxazolone. Their tests, 
made only with products from somewhat related proteins (cattle and horse 
sera), are insufficient to form a final opinion about the hapten specificity of 
the antigens. 

To explain the results of Dujarric de la Riviire and Kossovitcb (83) on 
the distinction of the optical isomers of leucine and histidine by antisera, 

•* Landiteiner and van der Scheer (26), (82). 

*<* 9 ), < 75 ). 
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Am and G<LAm, not with LG 2 Am despite the identity of the ter- 
minal part. It may further be noted that mere shifting of the position 
of one amino acid induced a marked change in the specificity of tri- 
peptides (G 2 L, GLG, LG a ), pentapeptides (G 4 L, G 3 LG 2 , LG*) and 
pentapeptide amides. 

Sharper distinctions than those in direct precipitin tests were 
brought out through tests with partially absorbed sera and by inhibi- 
tion reactions (p. 192). Thus upon absorption of G 2 LG 2 serum with 
G b antigen an antibody fraction with selective affinity for the homol- 
ogous peptide was separated which reacted only slightly with LG 2 
and with none of eighteen other antigens, all containing glycine or 
leucine, or both (Table 26). 

From the experiments described one can predict that the amino 
acids present in proteins permit the synthesis of a very large number 
of serologically different peptides, their pronounced specificity may 
be connected with the polarity of the CH s CONH groups. 44 As yet 
only relatively simple compounds have been examined, and a closer 
approach to the conditions obtaining in proteins could well be reached 
by examining the behavior of peptides built up from a greater variety 
of amino acids, and having larger molecular size and more complex 
structure. The investigation of such substances may enable one to 
determine how complicated a chemical pattern can be fitted by anti- 
bodies, and to draw from these models inferences upon the size and 
nature of the determinant groups in proteins. To be sure, the work 
involved in the synthesis of more than a few higher polypeptides is 
cumbersome to the point of being almost prohibitive, but there is 
hardly any other class of synthetic chemical compounds that could 
furnish such complex and diversified substances possessing serologi- 
cal activity. 

A connection between proteins and synthetic compound antigens 
by Cross reactivity in analogy to the findings with carbohydrates has 
only been obtained in the very special case of thyroglobulin (p. 195). 
A result touching this subject remotely is the reaction of anthrax im- 
mune sera with glutamic acid azoproteins 4S which is due to the pres- 
ence in the bacilli of a colloidal substance composed of glutamic acid 
(p. 226). 

Pharmacologically active substances, hormones. — On the 

** Cohn (86). Companion may be nude with the indifferent specificity of Jong 
fatly add chains 

"Ivanovics and firuckner (87). 
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pattern of antitoxin production it seemed not out of the question that 
non-antigenic poisons after combination with protein would call forth 
antibodies capable of neutralizing their toxic effect. This idea, which 
would hold out hopes for practical application, was put to a test by 
Berger and Erlenmeyer (88) with an antiserum to a diraethyl-N- 
pyrrol-phenylarsenic add (icterogen) and by Hooker and Boyd (59) 
with antibodies for strychnine/ 6 but was unsuccessful in both trials. 
The authors considered the reasons for these failures to be dis- 
sociation of the antibody union in the animal, non-identity of the 
toxic and serologically binding portions of the drug molecule, and 
the large quantity of antibody which would be required for neutrali- 
zation on account of the disproportions in molecular weight of anti- 
body and drug. 

On the other hand, Glutton, Harington and Yuill (rax), working 
along similar lines with thyroxine, obtained positive results. Antigens 
were synthesized, by an ingenious method, in a series of reactions. 
Diiodothyronine methylester was converted into N-carbobenzyl- 
oxydiiodothyronyl azide; this was coupled to protein and the com- 
pound was iodinated. In the last reaction the introduced diiodo- 
thyronyl and the original tyrosyl residues were changed into tbyroxyi 
and diiodotyrosyl residues respectively (v. p. 194). The antisera for 
the conjugated protein had positive haptenic specificity and, when 
injected into rats, suppressed the physiological action of administered 
thyroglobulm. 47 The neutralization extended also to thyroxine, but 
the authors think that this could be an indirect effect inasmuch as 
thyroxine may exert its activity after having entered into the com- 
position of thyroglobulin. A similar exception cannot be taken against 
the neutralization of the pharmacological effect of aspirin by antisera 
against this compound, reported by Butler, Harington and Yuill (90), 
As Marrack (91) remarks, the result is surprising “considering the 
small amount of haptens bound by antibodies in vitro.” 

Tests in vitro may, in general, give a better chance for demonstrating 
neutralization of simple toxic substances, than in vivo experiments. For 
instance, attempts to obtain immune sera by means of conjugate antigens 
which would inhibit the powerful hemolytic activity of saponins may well 
be worth while. 

** Anliraorphme sera could not be obtained. < 

'’Concordant results were obtained by active immunization against thyro- 
globulln and with anti-tbyroglobulin immune sera fKestaer; Went et al. 89)). 
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Azoproteins containing sulfanilamide and related chemotherapeutic cost, 
pounds have been made mainly in view of the allergic conditions which 
sometimes ensue after the administration of these drugs, and data on the 
serological distinction and cross reactions of these substances have been 
recorded.* 8 , 

Histamine azoprotein has been used for the treatment of allergic patients 
(94), and Cohen et al. (94a) seem to have succeeded in neutralizing fa vitro 
the physiological effect of small amounts of histamine with the serum of 
patients treated with histamine azoprotein. Antisera for conjugates made 
by coupling proteins with diazotized aminoadrenalin were examined by 
Went (95) ; the results presented do not quite suffice as proof that the sera 
were specific for adrenalin itself. 

Mooser and Grilichess (96) state that they were unable to produce anti- 
bodies directed against androstendiol by immunizing with corresponding 
azoproteins; similar earlier experiments with an antigen supposed to contain 
cholesterol in azolinkage had a similar negative result (97). 


Serum reactions with simple substances of known consti- 
tution. — Although the specificity of sera for azoproteins evidently 
is due to the reaction between antibodies and the substances linked 
to protein, precipitation was observed only with the protein com- 
pounds. When the tests were performed with the uncoupled azocom- 
ponents, or with dyes in which the diazotized substances were coupled 
to tyrosine or other phenols instead of to protein, there was no per- 
ceptible reaction. 49 This result did not appear extraordinary, since 
precipitin reactions were known to occur only with substances having 
high molecular weight and giving colloidal solutions. In order to 
render the supposed reactions visible, the author had recourse to the 
fact that precipitation by immune sera is diminished or prevented 
when the antigen is present in excess [v. Halban and Landstemer 
(98)]. Accordingly it was possible that addition of the azocompo- 
nents (or simple azodyes) containing the specific groups would, y 
virtue of their combination with the antibodies, prevent precipjta 0 
(or complement fixation) of the homologous azoprotein. Expenmen 
performed in this way indeed showed the effect sought forename 
specific inhibition 60 by the compounds corresponding to c im ® , 
serum, and related ones. 61 Thus it was demonstrated tha si p 


** Mingoia and Rocha e Silva (92), Wedum (93). 

** See however p. 183. . for a dis* 

*° The reaction can also be carried out, less conveniently, oy tesung 
solving effect on antigen-antibody precipitates , Haurowitz and BrefaJ 

“Landstemer et al. (99)^(100), (69), (70), (2 °) • » r ° { compound 

(xox). Similar reactions have sincebeen performed with various sorts 
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substances which are lacking in antigenic power combine specifically 
with antibodies, and that serological reactivity in vitro is altogether 
independent of the power to immunize. 

The phenomenon of specific inhibition in which a participation of 
proteins in the reaction with the antibodies is entirely excluded 
widened the field of serum reactions, limited originally to complex 
biological substances, for with the aid of the reaction a great variety 
of synthetic compounds of simple composition became directly acces- 
sible to serological examination. That the reaction results from union 
of the inhibiting substances with antibodies 63 seems the only plau- 
sible explanation and is supported by the analogy to the specific 
inhibition by an excess of antigen. Unquestionable proof was afforded 
by Ma track and Smith (103), and Haurowitz and BreinI (ior) who 
found that the diffusion of an azodye made from p-arsanilic acid 
through collodion membranes was hindered by the corresponding 
antiserum. 83 Even more direct evidence was the finding that certain 
azodyes in high dilutions may actually give specific precipitin reac- 
tions with azoprotein immune sera, precisely like proteins or bacterial 
polysaccharides, and elicit anaphylactic shock in guinea pigs sensi- 
tized with the corresponding azoproteins. 6 * The specifically precipi- 
fcable dyes were derived from the aforementioned anilic adds by 
coupling with resorcinol or tyrosine; the strongest reactions were 
obtained with the anilic acid dyes having the longest aliphatic chains 
[resorcinoldiazo-p-suberanific acid, (OH) s C«H 3 (N==N— QH4-NH- 
C0-(CH 2 ) a -C00H)», and the analogous adipanilic and pimelanillc 
add compound]. The results showed that (irrespective of the possible 
formation of aggregates in the solutions) it is not necessary to have a 
compound of high molecular weight for predpitation by immune sera 
or for the production of anaphylactic shock. In following up these 


antigens, viz, conjugates made with isocyanates, azides, carbobenzoxy chloride, 





reading after a hours; second line: reading at a later time. 
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experiments, weak precipitin reactions were seen with other dyes 
(106) , and later many such observations [including complement 
fixation tests (106a)] were made in connection with the question of 
the insolubility of antigen-antibody complexes (pp. 249, 246, 243). 

The specificity of inhibition reactions is essentially of the same 
order as that of precipitin reactions; accordingly, just as with con- 
jugated antigens, simple, closely related compounds, for example the 
isomeric tartaric acids, can be differentiated serologically. 

The inhibition reaction furnished new information not only on ac- 
count of the ease with which it was possible to investigate numerous 
compounds but also because of the appearance of additional group 
reactions. This probably depends upon the simple composition of the 
substances used. Indeed, a wide range of cross reactions was observed 
with simply constituted substances (and the corresponding immune 
sera) which, so to speak, possess few distinctive characteristics. 
Drawing upon E. Fischer one may appropriately illustrate this state 
of affairs by the analogy of opening a variety of locks with a simply 
constructed key. With immune sera adjusted to more complex struc- 
tures (aminobenzoyl phenylaminoacetic acid, tartraniiic acid, poly- 
peptides) the inhibitions were as specific as the corresponding pre- 
cipitin tests, and in some instances apparently even more so (p. 
192)“ 

The tests were made mostly with adds (neutral solutions of the 
sodium salts) but other substances such as glucosides, pyridine bases 
and pyrazolone derivatives have been found to be equally suitable. 
Because of considerable dissociation of the hapten-antibody com- 
pounds, high concentrations of the haptens are often required, yet 
there are differences depending on the nature of the substances. In 
inhibition tests with immune sera for aromatic amino adds their azo- 
compounds with tyrosine or m-hydroxybenzoic add were active in 
smaller concentrations than the amino adds themselves. 6 * The reason 
lies roost likely in the greater similarity of the dyes to azoprotcins, on 
the assumption that cydic amino adds, to which the haptens are 
linked In the proteins by the N = N group, take part in the antibody 
reaction.” This explanation receives support from the experiments 
of Hooker and Boyd referred to above. That simple sugars are not 


. " ^99) ;y. (*07), (jj). Simlhriy, ten for jupliyl protein were better Inhibited 
by Jtfpin'lsiytiae than fcry jupiria (90), , 

» * v. (107*). ' * ' 
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inhibiting, while glucosides are, can be understood on analogous con- 
siderations, and there are other similar observations. As far as the 
studies on specificity are concerned, the question of combination with 
antibodies at other sites than the azocomponent is of secondary im- 
portance, because the inhibiting effect of the uncoupled haptens could 
be established with most azoprotein sera which have come under 
examination. 6 * 

Aromatic bases, such as aniline or toluidine, have not been shown to pos- 
sess inhibitive capacity; that free acids impede the precipitation of acylaied 
proteins would hardly be anticipated (6). 

It is obvious that the degree of inhibition is dependent on the rela- 
tive affinity of the antibody to the antigen and hapten. Consequently, 
as a rule, heterologous precipitation is more readily inhibited than the 
homologous reaction, and heterologous haptens are less effective than 
homologous ones. Quantitative studies of the reaction were made by 
several workers. 60 As shown by Woolf, while in the precipitin reac- 
tion the quantity of precipitate is little changed by dilution, inhibition 
depends on the concentration, not on the total amount of inhibitor; 
the effect was not much influenced by variation in the. antigen- 
antibody ratio. The concentrations of hapten necessary for inhibition 
were greatly different in homologous and heterologous systems (v, p- 

272, 250) and with sera of individual rabbits. 

Selected results of inhibition reactions with azoprotein antisera are 
reproduced in Tables 28-31. The following may be noted: 

1. The influence of position in the reactions of substituted benzene 
derivatives is so pronounced that independently of their nature 
position of the groups (CH„ Cl, Br, OH, N 0 2 ) in mono-substitutea 
benzoic acids can usually be determined with the help of the r 
aminobenzoic acid antisera, and regularly a difference is demons r 
between o- and p-compounds. A similar dependence on the po 1 

of aromatic substituents in the case of enzyme reactions is o ,n ' 
as in the oxidation by tyrosinase (no), the inhibition of this enzym 
process by aromatic acids (m) and the action of carboxy p yp* 
tidases on the isomeric chloroacetyl aminobenzoic acids. _ „ 

2, The importance of the nature of acid groups (AsUs 5 ’ 

a •» 1 _ 1 .. .1 , v j. tw-w-Mlatfon of 

■' ' • ' . . . ■»), Erlamcyn 

' ‘ ‘ ,79).' 

and Berger (104), Vvoou (70b Biessuuu, nruwuauu *•*"""* '■ 1 
, *° Waldscbmidt-Leitz and Balls (109) ; v. (102}. 
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COOH) can be seen from Table 28. Again, as in precipitin tests, 
arsanilic acid sera reacted with all aromatic arsenic acids tested and, 
remarkably, even with an inorganic substance, namely arsenic add. 
Arsenious acid, aliphatic 61 or secondary aromatic arsonic adds, 
acetaminophenylstibinic >acid and arsenic oxides showed no inhibi- 
tion. 62 

A study of the inhibiting activity of numerous substituted phenyl- 
arsonic acids on the precipitation of arsanilic acid azoprotein was 
conducted by Pressman, Brown and Pauling (107a). The effects 
depended, as in the above-mentioned tests, on the position of the sub- 
stituents. The inhibiting power was improved over that of phenyl- 
arsonic acid by various substituents in the descending order: N 0 2 ; 
CHjCONH; ~ :< O >_C0NH; Cl ’ Br ’ l ' CH,; 0H; 

NH-; COOH. Most striking was the increase in the "bond strength 
constant” of the hapten reaction produced by the N0 2 group, which 
the authors relate to the significance of nitro groups in the formation 
of molecular compounds. This result deviates from those obtained 
in inhibition tests with sera for aminobenzoic adds.” 

The effect of adds on the precipitation of kerateine conjugates, 
prepared by the substitution of SH groups (66), parallels the obser- 
vations made with azoprotein antisera; the reason for the inhibition 
of benzylkcrateine serum by benzoic acid is not quite evident. 

Pyridine bases were found to inhibit the precipitation of aminopyridine 
azoprotein; piperidine was inactive {58), nicotine inhibited to some degree; 
with pyridine 3 cids the relative position of carboxyl and the ring nitrogen 


or quinine/ 4 

A number of pyrazalone derivatives were examined by Erlenmeyer and 

P „ rr *'■ *he portions 

1 ■ ■ ‘hose which 

Several substances (veronal, salicylic acid, etc.) which form molecular 
compounds with antipyrine or pyramidon did not block their inhibitory 

"Aliphatic arsonic adds are also ineffective as chemotherapeutic agents (it *). 
“ (»), (tot). ' 

(too); see also (io;b). 

Hooker and Boyd (59). 

Erlenmeyer and Berger (61), Harte (63). 
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Table j 8 
[after Landsteiner 


Substances used for 

Immune Sera: 

Control 

Pro- 

pionic 

add 

Iso- 

valeric 

sad 

Chloro. 

acetic 

add 



+++S b 
++++ 
++++ 

++++ 

++++ 

+++ 

++-H- 

++++ 

+++ 

m-Aminobenzene sulfonic acid . . 
p-Aminobenzoic acid 

... ++-H- 
... +++± 

Substances used for 

Immune Sera: 


Aminobenzene 
sulfonic add 


Benzoic 


0- 

m- 

P- 


p-Aminophenylarsenic acid 
m-Aminobenzene sulfonic add 
p-Ammobenzoic acid 

+++± 

0 

- • +++± 

++++ 

0 

+++ 

+++* 

+± 

++++ 

+++ 

0 


o * cc. of om% antigen solutions +0.05 cc. t/10 molar solutions of the sodium salts of the 


Table 29 
' [after Landsteiotr 


Immune Sera: 


Control 


Amino- 
benzoic add 
0- m- p* 


Methyl- 
benzoic add 



o-Aminobenzoic acid +* 0 ± ® 0 + 

m-Aminoberaoic acid ++ ^ ^ + ± = 

p-Aminobenzoic acid I . ... +± =* * 0 ,T. x ± 0 

II +-P+* _JL— ^ 

Tests as in Table a8; lor p-amioobenzoic add serum II x/20 molar solutions were 
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elal. (qg)] 


inhibition tests: 

Glycine 

Tartaric 

aad 

Fumaric 

add 

p-Amino- 

phtnyl- 

arsenic 

add 

p-Hydrosy- 

phenyi' 

arsenic 

add 

Bertzcne- 

sulfonfc 

add 

++++ 

++4*4' 

+++± 

++++ 

++++ 

+++± 

++++ 

+4*+=fc 

+++* 

0 

+++± 

+++* 

0 

++± 

+++± 

++++ 

4= 

+++± 

inhibition tests; 


Aminobenzoic 

add 


Hippuric 

acid 

Pyro- 

mucic 

Phenyl- 

acetic 

0- 

m- 

p- 

add 

add 

+++± 

+++± 

+++* 

+++ 

0 

++++ 

+++ 

0 

++++ 

+++ 

+++* 

++++ 

++++ 

+4* 

++++ 

+++**= 

4+4: 


substances used for the inhibition tests, addition of immune serum to the mixture. 


ct al. (99) (zoo)] 


Substances used for inhibition tests' 


Chloro- 

benroicadd 

0- m- 

P- 

Bromo- 
benzoic add 

0- m- p- 

Hydroxy- 
benzojc add 
0- m- 

P~ 

Nitro- 
benzolc add 
0- m- 

p*_ 

Benzoic 

add 

0 0 

± 


0 0 

0 =fa 

4- 

0 

0 

± 

0 


4- 

+ 


sfc *■ 

+ 

+ 

0 

4- 


+ £ 

0 

+ 

++* 

± 0 

+ 0 

jfc £• 

0 

+ 

+++ 

+ st 

0 

0 
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capacity; it would be unsafe, however^ to draw conclusions as to the sero- 
logically reactive groups from this 'result without reliable knowledge about 
the degree of dissociation of the molecular compounds in solution. 


3. Inhibition of the precipitation by antisera to tartaric add, 
succinic acid or peptides is considerably stronger on use of nitro- or 
amino- tartranilic (or succinanilic) acids and nitro- or amjnobenzoy] 
derivatives of the peptides than with the adds and peptides them- 
selves. As in the case of azodyes this may be referred to a participa- 
tion in the reaction of the aromatic groupings in the immunizing pro- 
tein. But that choloracetylglycine and -leucine react more strongly 
than do glycyi-glycine and glycyi-Ieucine with immune sera corres- 
ponding to these peptides, cannot well be explained in that manner. 
This behavior is due perhaps to the higher acidity of the chloroacetyl 
compounds, as is, in the opinion of Waldschmidt-Leitz, 88 the stronger ( 
action of carboxypolypeptidases on chloroacetyi tyrosine than on 
glycyltyrosine. Other cases, already mentioned, in which an increase 
in inhibiting activity of haptens does not depend on similarity in con- 
stitution of hapten and the immunizing antigen are recorded by 
Pressman, Brown and Pauling (107a). 

4. Precipitation of the homologous antigen by succinanilic acid 
immune serum (Table 30) (65) is specifically inhibited by succinic 
acid — which in this way can be distinguished from malonic or glu- 
taric acids — and also by higher dicarboxylic adds (pimelic, suberic, 
sebacic acids) and, as far as the experiments go, the more intensely 
the longer the chain. The phenomena must be attributed in par^, 
therefore, to a general property of salts of higher aliphatic acids. 
Nevertheless, the inhibitions are in part dependent upon the spec' 
ficity of the antibodies, for although higher dicarboxylic acids intu 1 
the precipitation ot azoantigens having fatty acid chains, this is n 
true of all antigen-antibody systems; these cases, therefore, 0 > 
as it were, a transition between specific and non-specific union. 

Similar phenomena were observed among the reactions 0 am * 
benzoic acid sera (100). Such sera react with various aroma ic 
cyclic acids, especially strongly with benzoic, the dosey 
thiophene carboxylic, and naphthoic 83 acids, but not sigoi 

"(113); v.(zoa). 

" S« a!™Hoo 6 tcr and Boyd ( 2 ,o). Tests with 'SkamftSfr- 

and phenyl residues, without a carboxyl group, showed only 
tion. (52), (S 3 )* 
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with lower fatty acids. From this, and because benzoic acid has very 
little effect on the precipitation by arsenic or sulfonic acid sera, one 
must consider the interaction of the aromatic acids as group reactions, 
connected with the presence of carboxyl attached to aromatic rings! 
Precipitation by amino benzoic acid sera was furthermore inhibited 
by higher fatty acids (caproic, heptylic and caprylic acids), and here 
the reactions are likewise to some extent specific, for such reactions 
do not occur with arsanilic acid sera or ordinary protein precipitins; 
other factors, probably the surface activity of soaps, appear to play 
a part (100). Salts of cholic and desoxycholic acids were found to 
impede precipitin reactions in general. 

5. Upon testing the influence of substituents in aliphatic com* 
pounds (54) by means of antisera to succinanilic, phenylacetic and 
phenylbutyric acids, it was found that replacement of H by the polar 
groups OF! or NH» caused marked changes in the immunological be- 
havior, apparently more than halogen* 9 With succinanilic serum it 
was also seen that removal of both carboxyl groups of succinic acid, 
as in succinimidc, abolishes completely the reactivity with the serum 
while the monoester and monoamide in which one carboxyl group is 


left intact still react distinctly. 

6. The reactions of unsaturated stereoisomeric dicarboxylic adds 
with succinanilic acid serum showed a sharp difference between cis* 
and trans-forms (54). While fumaric add is practically inactive, 
maleic acid inhibits the precipitation by this serum just as well as does 
succinic acid (Table 30). The same difference as that between the 
acids is evident in the monoesters and the methyl derivatives, ci ra- 
conic and mesaconic acids. Accordingly, one could suppose that e 
succinic acid molecule can exist in a form corresponding to the as 
configuration, 70 or that the antibodies adjust themselves to tflis ' 

7. With peptide azoproteins it was found that inhibition reac « 
may be a more effective means for detecting the serological diversity 
of chemically similar compounds than precipitin tests. In con r 
the latter, which often failed dearly to distinguish azopro ems 
from structurally related peptides, practically each peptidecou ^ 
singled out by inhibition tests with the acylated compounds t 

" v. Pillemer (66). Cf. the comment by Marrack on polar substituents t( 
pp. 119, 120I. 

n Inhibition was also seen with high concentrations of a non-acyia ted P 
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31), Marked cross reactions occurred only between peptides of very 
similar structure. Observations of Goebel, Avery and Babers on 
glucosides of disaccharides present a parallel case. As explanation it 
may be considered that in inhibition tests with homologous antigens 
and heterologous haptens the latter are competing with the stronger 


Table 3* 

[after Land Steiner et al. (82)] 


Immune 
Sera for ■ 


Nitrobenzoyl peptide* used for Inhibition tests: 



GG 

GL 

LG 

LL 

GGG 

GGL 

GLG 

LGG 

L 

+ 

0 

=fc 

0 

* 

0 
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++ 

+ 

+*= 

4 - 

++ 
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++ 
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++ 

+ 

++ 

± 

+ + 



++db 

0 

+++ 

++ 

+++ 
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++=»= 

LG 

+* 

++ 

0 

+ ± 

+± 

++ 

* 

+± 


++± 

+++ 

0 

++± 

++=k 

+++ 


++i= 

GGG 

+± 


++ 

++ 

0 

++ 

+ + 

+ * 


++ 

+++ 

++* 

+++ 


++± 

+ + * 

++ 

LGG 


++ 


+ + 

+ 

++ 

+ ± 
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++ 

+++ 
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Table 31 (continued) 

[after Landsteiner et al. (82)] 

Immune 


Nitrobenzoyl peptides used for Inhibition teits: 



Sera for 

GCGG 

GGCL 

GLGG 

GGGGG GGGGL 

GGLGG LGGGG 

Control 

L 

+ 

0 


+ 

0 

sfc 

=fc 
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+ 

+± 

+ * 

4 * 


+=fc 

++ 

GL 

+ =fc 

£ 

+± 

+± 

•4. 
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++ 


++± 

+ 

++± 

++* 

+ 

++± 

+++ 

+++ 

LG 

+ ± 

++ 

+± 

+ * 

++ 
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++ 


++=*= 

+++ 
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++* 

++=fc 

++± 

+++ 
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£ 

+± 

+* 
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++ 
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* 

++ 

++ 

+ 


++ 

+ 

+++ 
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+ * 
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+* 

+ ± 

& 

+± 

++ 


++± 

+++ 

+* 

+++ 

+++ 

+ ± 

++ 
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Teits a* In T»bl* 28; made with ocj cc. c! neutralized 1/40 molar lolutlons ol the 
nltrobeneoyl peptide*. 

Fint line, readme* after J minute*; second line, after * hour. 

CC m |lycyl-jlydne, GLG •» jtycyl-leucyl-jlydne, etc 
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affinity of the antigen while there is no such interference in the pre- 
cipitin reaction. Besides, there may be present in the sera weak anti- 
bodies which do not precipitate by themselves but are carried down 
in precipitates formed by antibodies of higher activity (pp. 257, 256). 

8. As the author has remarked/ 2 ‘the inhibition test provides a 
possibility of determining the specifically reacting groups in antigens 
of unknown composition. This suggestion was taken up by Wormall 
(115) in the investigation of iodinated proteins. His studies, con- 
firmed by Jacobs (116), showed that the reactions of immune sera for 
iodoproteins were not inhibited by iodocompounds chosen at random 
such as potassium iodide or o-iodophenol but by 3.5 dihalogenated 
tyrosine, the effect diminishing in the order I, Br, Cl, whereby tyro- 
sine disubstituted with halogen was proved to be the reacting group. 
Pursuing this inquiry Snapper 73 found that the precipitation of iodo- 

I 

proteins was prevented by diiodotyrosine HO<^ \ C 3 H« 0 } N, 


thyroxine H 0 y> C 3 H 6 0 2 N r 

3,5 diiodo-4-hydroxybenzoic acid, or the corresponding sulfonic arid, 
by 3,5 diiodo-4-hydroxynitrobenzene and other compounds, ah con- 

taming the group Diiodothyronine 

OH *. 

C a K 8 0 2 N, 3,5 diiodo-2 -hydroxybenzoic acid, or 3,5 dilo i do ' 4 "^. m .° n 
benzoic acid, however, were inactive. These reactions show > 
addition to iodine or bromine, hydroxyl ortho to both ha 
essential for the serological specificity of iodo- or bromo-pr > 
methylation of the hydroxyl group abolished the activity a 8 ^ 

‘ Somewhat weaker inhibition reactions were also obtamea 

acetic acid ester of 3,5-diiodo~4-hydroxybenzoic add an 3.5 

pyridone; the latter reaction may be due to enohzation t, 9 ^* 

Snapper and Grijnbaum failed to find cross not 

protein and thyroglobulin ( P . 23), and antithyrogWvn sera w 
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interfered with by either thyroxine or diiodotyrosine. 74 However, the pres- 
ence of thyroxine in the thyrogiobulin molecule is indicated by the observa- 
tion of Dutton, Harington andYuiil (121) that thyrogiobulin is precipitated 
slightly — less than iodinated protein — but definitely by sera against 
artificial thyroxylglobulin. This precipitation was inhibited by dnodotyro- 
sinc or thyroxine, better by a mixture of both. The weak precipitation of 
duodothyronylalbumin with thyroxylglobulin antisera was not affected by 
diiodotyrosine, an indication, as the authors conclude, that the reaction is 
in part determined by the diiodopbenolic ether linkage of thyroxine. 

The characteristic specificity of nitroproteins, discovered like that 
of iodoproteins by Obermayer and Pick, was carefully explored by 
Mutsaars (44) with the aid of inhibition tests on a number of nitro- 
compounds. Among three nitrated natural amino acids — arginine, 
phenylalanine, tyrosine — only the last substance prevented the pre- 
cipitation by immune sera prepared against nitroproteins. The hy- 
droxyl as present in tyrosine appeared to be indispensable, since 
neither nitrophenols nor nitrobenzoic acids were effective, in contrast 
to nitrosalicylic acids; and 3-nitro-4-hydro.tybenzoic acid, itself 
strongly inhibitory, was rendered inactive by conversion into 3-nitro- 
4-mcthoxybcnzoic add. Esterification of the carboxyl in 3,5 dinitro- 
salicylic acid did not destroy the activity From these and other re- 
sults Mutsaars infers that the serological reaction of nitroproteins is 
attributable to nitrotyrosyl residues. 75 Some questions are still left 
for further study, especially why changes in the relative positions of 
OH, NHs and COOH seemed, from some tests, to be immaterial. 

By inhibition tests with the phenylcarbamido acids from lysine and 
c-amino-n-hexoic acids, Hopkins and Wormall {123) were able to 
demonstrate that in all probability phenylureido-lysine is the deter- 
minant group in the phenylcarbamido proteins, and that the free 
amino groups of the unaltered protein are the e-amino groups of 
lysine. This is borne out by these authors’ observation that zein, a 
protein lacking lysine, did not appear to combine with p-bromophenyl 
isocyanate (see, however, clupein, p. 52). 

That the precipitation of formolized protein by the corresponding anti- 
serum is inhibited by free formaldehyde is open to doubt It is possible that 

•’ ■ ’ than dbodotyrosine or 
' ■ ■ from the spedw sped* 

■ ■ ■ . of thyroxine has been 

‘ < ■ , iteia, and diuogehtine 



that of nitroprotein (122). 
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These so-called reagfos proved to be different in several respects from com- 
mon anaphylactic antibodies, especially in being incapable of inducing 
• passive anaphylaxis in animals and in failing to give in vitro precipitation 
t While there is indeed reason for speaking of a special type of allergy, a 
relation to ordinary immunization is indicated by the fact that also this form 
of specific hypersensitiveness comes into existence only after previous con- 
tact 85 and because there are incitants (such as "p-phenytenediamme and 
parasitic worms) which elicit allergic asthma in many individuals and also 
evoke reagins (worms ). 80 


Turning to allergy against simple chemical compounds 87 (“drug 
allergy”) it will be seen that the mechanism of this condition pre- 
sented an embarrassing problem. It is true, the old idea of sponta-. 
neons, innate idiosyncrasy had to be abandoned, and the necessity of 
previous contact with the incitants — not always demonstrable— 
had to be accepted . 68 And, naturally, after the impressive discovery 
of anaphylaxis one tried to bring all sorts of hypersensitiveness into 
fine with this phenomenon. But it remained to be explained how 
simple chemical compounds could elicit an immunological response, 
in the face of common experience. 

A clue was afforded 84 by the possibility of building up simple sub- 
stances into antigens through attachment to proteins , as discussed in 
preceding pages. It could then be assumed that a non-antigenic sub- 
stance can sensitize after combination with protein in the amma 
body . 00 In fact, animals injected with the said antigens become 
anaphylactic, are shocked by conjugate proteins which contain e 
corresponding azocomponent, and are desensitized by homo ogou. 
azodyes . 01 Moreover, azodyes that are specifically preripitab e we 


'Subsequently antibodies different in hind and of greater thennostabvlfty w 
detected in the patients’ serum (Cooke et al; Loveless U 5 J )j- 
*v. Grove; Coca (136)- , .. 

“Rackemann; Brunner (151a), Fullebotn et at. \ 15 * D L ,ithouRb not 

"The allergic symptoms, skin eruptions, asthma, ■ lewji ■ * ’ • pr0 p e rttfS 
always the same, are unrelated to the special plmmacological a 
of the drugs; cases of increased susceptibility to the pharm 

Eskimos (151c). 

“v.Pcerr {152). . . rfener oa ^ 

w Such a mechanism had been early surmised fWoMF^E isncr • l 5 g| pfop . 
ground that by chemical alteration proteins acquire specia 

“ (iS4~iS7) ; v, (158) (absorption of antibodies in vivo). 

Desensitization was not effected by uncoupled azocompone 
acid. 
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shown to elicit anaphylactic shock in sensitized animals, and Schultz- 
Dale reactions 82 (p. 183). 

The objection raised by Fierz and his collaborators against these experi- 
ments, implying that shock was actually produced by azoproteins that are 
formed in the body from the injected azodye has been disproved, 83 

The experiments cited showed indeed that simple substances can 
take part in anaphylactic manifestations; but inasmuch as sensitiza- 
tion was induced by conjugated proteins the results, although sug- 
gestive, still fell short of the goal. More direct information has 
accrued from experiments on sensitization with simple substances 
alone. Hypersensitiveness to such compounds was first experi- 
mentally produced in human beings with primrose extract [Nestler, 
Low (162)3 aiJ d with an alkaloid from satinwood [Cash (163)), 
both materials being excitants of allergic skin affections, and later on 
with other compounds — arsphenamine, orthoform, etc. In animals 
definitely positive results were obtained by Bloch and Steiner (164), 
who were able to sensitize guinea pigs by treating the skin with 
ethereal extracts of Primula obconica, or with the crystallized active 
substance primulin (C M H, # 0 3 or C, 4 H- 0 0 3 ). Likewise chiefly in 
connection with a dermatological question, namely the etiology of 
eczema, several substances — p-phenylenediamine 81 and similar 
compounds, phenylhydrazine” arsphenamin, 88 mesotan, 87 extracts 
of poison ivy, 98 nitrosodimethylaniline, chlorodinitrobenzene 89 — 
were subsequently tested in animals and proved to have sensitizing 
capacity. 

A number of early and more recent papers on allergic effects of other sub- 
stances are based on inconclusive evidence. 1 ® 0 For inconsistencies encoun- 
tered several factors seem to be responsible, differences in the susceptibility 

” Landjtcmer and van der Scheer (160) 

* (»<>«). (37)« 

“ R. L. Mayer (165). 

•‘Jadassohn (166). 

** Frei, Mayer; Sulzberger and Simon (167) 

* Silvrrberg (167a). 

“Simon. Rackemann and Dienes (168). Poison ivy extracts and Japan lac, 
alike in allergic properties, contain several active components A product -~ 
tmahiol — separated by Majirru, is a mixture of substituted catechols of the 
ascrage formula C*H«(OH)«CuH*>. differing in the number and position of double 
bonds [v. (168a)]. 

"Landsteiner and Jacobs (<69). 

•“Unconfirmed are reports concerning sensitization to pyramidon (170), 
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% succeeded in sensitizing guinea pigs in a German laboratory nut were imabie 
to reproduce these results in New York; 'in their opimon'the diet was of; 
influence. 102 In any event, it was shown later that the [difficulties'caa be* 
- overcome, as with an improved technique guinea pigs could fae sensitized 
anaphylactically with satisfactory regularity. 102 >'■ . _. : u 

For the sensitization with p-phenylenediamine and related bases 
the “conjugation hypothesis” seems an adequate explanation. Phe-_ 
nylenediamine upon oxidation combines with proteins to form deeply^, 
colored products and because of this property is widely used as fur 
dye; it causes allergic conditions (asthma, skin eruptions) frequently! 
in dyers, and in persons wearing furs. Here one may suppose that! 
sensitization is brought about through the antigenic action of a pro': j 
tern conjugate formed in vivo, comparable to azoproteins.’ Strong ■ 
evidence on the subject was provided by experiments m made with!; 
chloro- and nitro-substituted benzenes, chosen since it was known- 
that 1,2,4 chlorodinitrobenzene is a frequent cause of allergy, in fac*. 
tory workers handling this compound. The substance is excellently- 
suitable for experimental work because on administration of solutions^ 
in organic solvents onto the intact skin, or intracutaneous injections . 
of small fractions of a milligram, almost every guinea pig becomes, 
hypersensitive and responds with an erythematous reaction when a . 
drop of a solution is placed anywhere on the skin. Since there 
theoretically more than 90 chloro- and nitro-substitution produc ~ 
of benzene, the following question presented itself. Are all the w t 
pounds sensitizers, and if not, is there a correlation between sensi 
ing capacity and any chemical characteristic? When the 
was carried out there appeared to be sharp differences, sensi •; 
being produced by only ten out of seventeen compounds # e / -a 
turned out that the inactive ones were resistant to treatmen > 

organic base (aniline), and with one exception to treatmen ,, . 

phenolphthalein (171), salicylic add, aspirin, or iie production of v , 

thyroxine, adrenaline, quinine (172)* (*?3)» or tathome [cf. \ 
results with aspirin and barbital cf. (1 74a). ’ / / 

^(175)067). ; ;; :y 

Lands tei'ner and Jacobs (177), Frei and Sulzberg^ fnS). KQS itiicj 
>01 Nitti, Bovet and Depierre (179) investigated in P « ^;«aine 
capacity of variousderivatives of p-phenyieaedianune; o- an ¥ 

were found to be inactive. 

" - "“Landsteioer aid Jacobs (169). 
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Tsodium methylate and ethylate, while the ten sensitizing substances' 
^contained loosely bound Cl or N 0 3 and formed substitution com- 
/ pounds with aniline by interacting with the amino group. In essence, 
v these findings were corroborated in experiments on human beings. 1 * 9 
«.* .Therefore, the conclusion is warranted that sensitization with 1,2,4 
^chlorodinitrobenzene, which is a typical incitant of contact dermatitis 
, .uwnan, and with related chemicals depends upon conjugation, prob- 
^ ably with proteins, in the body. It could then be anticipated that 
compounds having similar chemical reactivity would likewise have ’ 
. “ sensitizing properties. In fact, following up this proposition, several 
.-classes of chemical compounds were found which render animals 
.^.sensitive, such as acyl chlorides, benzylchlorides (169) and acid an- 
hydrides. 501 With all these substances formation of conjugates is 
u easy to understand, 10 ® indeed beyond question in the case of rapidly 
’’reacting compounds (acylchlorides, acid anhydrides, diazomethane), 

; In a number of other instances in which sensitization of animals was 
•obtained — picric acid, 100 quinine 1,0 — a chemical interpretation Is 

■ ' not immediately at hand. 11 * It may be, however, that certain sub- 
stances are converted in the animal into more reactive compounds; 
/thus picric acid might combine after previous reduction of nitro to 
>' amino groups. Evidence on this point was contributed by Nitti and 

■ ’-Bovet (183), who observed that treatment with p-sulfamido-chrysoi- 
; dine sensitizes guinea pigs also to 1,2,4 triaminobenzene which is 
^satisfactorily explained by formation of the amino compound in the 

/ animal through reductive cleavage. 

. The possibility that a substance may become effective through loose at- 
’’tachment to protein is perhaps indicated by Haxthausen’s report on sensili- 
zatlon of human beings with mixtures of salts of heavy metals, and foreign 
serum (184). 

J } From the evidence presented, the corollary would follow that the 
; results are essentially the same whether the simple incitants or pro* 


*ppUcation to tnttuned iJdn areas. 
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teln conjugates are employed for sensitization; Actually this i 
tion is not entirely fulfilled. Guinea pigs sensitized inlracutaneomly 
with an acyUhloride or picryl chloride reacted with skihinflamma-i 


tein; iU intraperitoneal or cutaneous injection of picrylated stromata/, 
on the other hand, produced anaphylaxis but at best very weak skbu 
reactivity to contact (187). This shows that the two methods are not 1 
equivalent and withal that anaphylaxis and skin allergy to superficial 
application are distinct forms of hypersensitiveness, although the fact • 
that both are produced by the same treatment strongly ‘suggests- 
related mechanisms. 

The difference between the two types of sensitization mentioned; 
appears also from other features. In contrast to anaphylaxis, contact y 
dermatitis has not been transferred by serum; desensitization is not ' 
readily accomplished, and for producing sensitization treatment -of v 
the skin is far superior to other routes — which in general are of no / 
avail — whereas in common immunization this is far less pro-, „! 
nounced. 11 * > /. 

As regards the discrepancies in the effects of simple chemicals anas' 
conjugates, and of sensitization by way of the skin or by other routes/ i 
the gap has been bridged in principle. Prompted by the experience 
that tubercle bacilli may increase or modify the response to antigeruc 
stimuli (Lewis, Dienes, and others), it was found that picryl entonae 
or dinitrofluorobenzene, with killed tubercle bacilli as adjuvants, 1 j 
elicit skin sensitivity also when given intraperitoneally 
more effectively than the same substances injected alone by ; 
route. Furthermore, the same technique led to a high degree oi sen ■/ 
sitivity when conjugates (picrylated stromata) were used mSte ? '« ~ 
the uncombined chemical. In analogous manner, by extxacatan ^ 
injection, sensitivity could be induced against forrnalaehye - 

iodine. 11 * These experiments, in which skin hypersensitivenes 0 1 % 

contact dermatitis type was engendered by a full antigen, har y£.. r 

"* (>85), (186). The ease with which anaphylaxis is induced by a , ; 

situing compound depends upon its chemical properties; reactive - 

regularly produced by acid chlorides or picryl chloride than by t 
.? f—i. tun**. n,inr sensitization as well as snov*- 

’ mpti&ed • 
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mil any conclusion other than that this form of allergy is intrinsically 
related to typical immunization processes. 

Concerning the question of antibodies in drug allergy, substances 
belonging to this category — that is, specific substances formed in 
response to the incitants — must a priori be supposed to exist, if not 
in the circulation then in the sensitive tissues. Beyond .that, the case 
is not without analogy In the type of allergy to bacterial products, 115 
of which the tuberculin reaction is the paradigm, passive transfer 
with serum could be achieved, if at all, only exceptionally, 118 and it is 
difficult to see what else than the action of antigens could be the 
cause of this allergic state; 1 ” Burnet inclines to the view that anti- 
bodies are formed but are at once taken up by tissues because of a 
special property of these antibodies (197). And even in common 
anaphylaxis, after a certain time, antibodies are not detectable in the 
serum although the animals and their isolated organs are still hyper- 
sensitive. 

Hypotheses to explain the state of affairs in contact dermatitis were ad- 
vanced to the effect that, without intervention of circulating antibodies, a 
specific change is set up in the skin tissues, brought about through spreading 
of the allergens along the skin 1,8 Yet general sensitization could be attained 
by treatment of small skin islands that were completely isolated by a cut 
through the entire skin without severance of the lymph vessels on the surface 
of the skin muscle; 1,8 moreover, it seems impossible that sensitizing com- 
pounds which react so rapidly as diazomethane or certain acyl chlorides 
could travel very far without combining. 

Transfer of sensitivity to simple compounds by intracutaneous in- 
jection of serum into the skin of human beings has been described, 1 ” 
but since some of the results are doubtful, and in general such at- 
tempts even with serum of highly sensitive individuals have been 
unsuccessful, the existence of antibodies in drug allergy is discounted 
in current texts. However, easily reproducible results have been 
obtained in animals It having been established that cutaneous ad- 
ministration of acyl chlorides or picryl chloride produces at the same 

,u Its relation to other forms of bypersensitiveness is dealt with in Boyd (159); 
v. Bronfenbrmner (njr). 

‘“Zinsser and Muller (191); v. Seibert (193} 

“'Cf. the work on hyperjemilivrness to streptococci and pneumococci by 
f w -k * ' "* * r tuberculin type 
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time cutaneous sensitivity and ■ * •"'* - ■*’•'''■ - - ' ' ,y> 

monstrable by lethal shock folic 

by means of the Schullz-Dafc me UIM mia m of 

the guinea pigs contains anaphylactic antibodies capable oi passively 
sensitizing normal animals 131 and, at' times, predpitins. More than' 
this, it was found that seta from highly sensitive animals' also'sen-.' 
sitize the skin locally upon intracutaneous injection. Skin sites so- 
prepared react when the indlant chemicals (or conjugates) are ln> 
jected into these areas or elsewhere, the reactions starting after a few 
minutes in a manner altogether similar to the Prausniti-Kustcerl 
effect and fading within an hour or so.*** Whether the antibodies in-' 
strumental in the skin reactions are identical with anaphylactic: 
antibodies is still undecided. Transfer sera, efficient in both respects, :: 
were most readily secured with highly reactive compounds ;(acyU : 
chlorides and anhydrides) but effective sera were obtained also to« 
dinitrochlorobcnzcne and arsphenanune,*” ' ’ VVj 

The passively sensitized skin sites did not show the delayed ery; ‘3 
thematous reaction characteristic of contact dermatitis. On the other ^ 
hand, transfer of this form of skin sensitivity was achieved by inject 
tionof exudate celb m f rr mar 

dmitrochlorobenaene, th ;*■ ! i ; .■ »' 

casein, or upon injection J ,.v ' ‘ 

guinea pigs made sensitive also to tuberculin. The mechanism of this v 
phenomenon, which possibly is the production of antibodies by cells - 
surviving in the recipient, has not yet been established; killed cells ,_- 
appeared to be ineffective or very much less active. - 

It may be remarked in passing that since such simple substances as pic# 
chloride or dlnitrofluorobenzene incite anaphylactic antibodies one cow -j 
according to definition call them antigens. For the sake of a wwmw v v 
terminology, even if a sharp definition can not be formulated, it wouiaseero 
preferable to reserve the term antigen, as customary, for substances ot 8 - 
molecular weight, and to designate the simple compounds which are *?i~ n{s V* 
of sensitizing — but probably only after combination with body consul , _ * 

*— as allergens rather than antigens. 

Several items concerning skin affergy require eluadatfan. 
prominent role of the skin in sensitization and the fact that this u» k ‘ V :/ 
« / lg6) « fjo4>. (wft - : y^i 

*» On similar reactions induced by common precipitin sera, see Cfcase v 

** Among the effects not yet reproduced in animals are sensittolion 


: f- 
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riso/t'en, as, for ; »****-- ' ‘ # „„ 

. 'that shows alle. ..uyui uy which antigenic 

complexes are i ui uie body; the question whether tissues can 
•'become sensitive directly, without participation of free antibodies,' 
*' for instance by distribution of allergens over the skin; the occurrence 
!_ of localized sensitivity and the mechanism of “flare-**''” • '*« 

''■and yet other matters. Of**— !*.**.- • • * • 

;«'* : i • , • ,< 


•-•si ‘ ■ . ! / 

iciJimnOlogical phe 

, /persons who come , „«u* 

incnt with the cone ot> snown by Bloch, even- 

* tually sensitizes almost every individual. From other sensitization 
r* experiments it appears that there exist all grades of sensitizing ca- 
pacity. For instance, 1,2,4 chlorodinitrobenzene sensitized the great 

* .majority of persons when single drops of a strong solution were put 
; once or twice on the skin, 128 while in our experiments with allyliso- 
, thiocyanate (mustard oil) (209) only one out of seven volunteers 

became sensitive upon repeated application Individual (heritable) 

’ .. differences, similar though less marked, in the response to antigens or 

* . allergens obtain also in animals, and Chase (210) succeeded in rais- 
r' fng strains of guinea pigs of unequal susceptibility. In agreement 
■ f "with clinical knowledge, the differences in susceptibility did not run 
’* exactly parallel when two incitants were used (v. 147a). 


The existence of species differences is evidenced by the experience that 
•' \ guinea pigs lend themselves well to the experiments, even though their sen- 
, . sltivity never reaches a degree comparable to that of highly allergic human 
. ^beings, while with rabbits which otherwise are good antibody producers ft 
- .was found possible but difficult to demonstrate sensitization to chemicals — 
‘ / perhaps owing to low skin reactivity 


When comparison is made with ordinary immunization it would 
-seem that in the production of antibodies differences among indi* 


. * oral route which certainly occurs in human beings, and sensitivity confined to 
, limited areas of the skin, seen in the "fixed eruptions" of man fcf Haxtfuusen 
(«*>]• 

*** A characteristic case is the reaction of old mustard gas bums upon exposure 
to aliRhtly contaminated air. 

** v, Doerr { J07). 

* WedroS and DolgoS; L a nds tdner, Rostenberg and Sulrberget (aoS), 
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vi duals are less pronounced than in drug hypersensitivity, particu- 
larly in certain forms of human allergy. Indeed, there are substances, 
so far ineffective in animal experiments (aspirin, phenolphthalein, 
pyramidon, etc.), to which relatively few persons become hyper- 
sensitive but some to a very high degree. One may hazard the guess 
that these are instances of a special sort, perhaps conditioned by un- 
wonted modifications of the substances peculiar to certain indi- 
viduals. On the other hand, considerable variation exists also in the 
formation of antibodies. Striking observations were made by Prigge 
[ (2 r 1 ) (v. 2 r ra) ] who found that the quantity of antigen needed to 
immunize guinea pigs against diphtheria toxin showed enormous 
variations, and that there were differences between strains that had 


been inbred over a period of several years. 125 

Investigations on specificity 150 and cross reactions by testing the 
sensitivity of idiosyncratic human beings have not been carried out 
on an extensive scale, yet they serve to show that the specificity of 
drug allergy and of serum reactions with simple substances are of the 
same order. Marked specificity was seen in aspirin hypersensidve- 
ness; the patients were unaffected by salicylic add, methylsalicyate, 
or benzoic acid. 181 In experiments on hypersensitiveness to para- 
phenylenediamine and related substances, R. L. Mayer 1,2 found over- 
lapping reactions with substances of quinoid structure. Dawson an 
Garbade (214) studied a case of bypersensitiveness to quim’ne an 
obtained skin reactions with a number of Iaevo-rotatory substances 
of the quinine group, but not with their dextro-rotatory . 
Propyl isopropjd-, isobutyl-and isoamylbydrocupreine reacted pos 
lively, the higher alkyl derivatives negatively. The compound qui 
nine containing a carboxyl group was inactive, while 3 j eW . es * . 
quitenine gave positive reactions. In several patients allergic q 
nine considerable differences were found in the cross reac 0 
related substances. 185 The interesting question of specificity w 
nine hypersensitiveness is open to study in animals. Guinea T g ^ 
sitized to quinine gave strong skin reactions also to cm «» y. ne 
optocbin (ethylhydrocupreine), whereas cinchonine an ^ 
were practically ineffective (unpublished 
of Nathan and Stern (216) in a case of idiosyncrasy t 

,f *For inheritable differences in resistance to refection fijsk , 

*** Specificity tests with sensitized animals are desenoea m / * 

'“Cooke (2x2). 

“ (2 is). (214)- 
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similar to the observations on azoproteins containing substituted 
benzene rings. In their patient, in spite of strong hypersensitivity to 
resorcinol and resordnol-mcmomethylether, the isomeric o- and p- 
compounds pyrocatechol and hydroquinone, and other phenols were 
without any effect. A patient of Urbach (217) although reacting 
most strongly with resorcinol responded weakly to both the other 
dihydroxybenzenes. Nickel and cobalt were found to be practically 
equivalent in skin tests [Haxthausen (184)]. 

The specificity of allergy to arsenicals is discussed by Frei (2*8), that 
to orthoform by Schwarzschild (219}; specificity tests in individuals sen* 
sitive to 1,2,4 chlorodimtrobenzene were made by Haxthausen fan*' 1 

The observation by BJoch that rndividir*** . 

sitive to a number of ^ — * 

among reactions of ■ * .*/ «. impounds formed 

by decomposition c ■ . .0 u>e Dody might be the explanation. For 

clearing up this point a study on iodoform allergy in animals would be 
desirable. 
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VI 


CHEMICAL INVESTIGATIONS ON SPECIFIC 
NON-PROTEIN CELL SUBSTANCES 

Polysaccharides . 1 — Even before accurate chemical data became 
available, adequate proof of the existence of specific non-protein 
substances in bacteria was supplied by Zinsser’s residue antigens and 
some observations on acid-fast bacilli. 1 * As has been indicated al- 
ready, the constituents of bacteria responsible for their specific prop- 
erties are proteins, carbohydrates and complex substances containing 
polysaccharides and lipids. Polysaccharides, precipitable by immune 
sera, but not stimulating antibodies in rabbits, were discovered in the 
three first classified types of pneumococci by Heidelberger and Avery , 
and Goebel (6) . These cocci bear capsules which in large part consist 
of colloidal carbohydrates. Convincing indeed was the body of f evi- 
dence produced by the authors for the serological significance of e 
polysaccharides. Their activity increases with the degree of pun y 
and was found to be the same with several methods of iso a l0 ^ 
carefully purified preparations are free from protein, ana tne su 
stances are resistant to pepsin or trypsin. The sensitivity of . 
tions with antisera is of the same order as that of the s P e £J“ c P r £ 
tation of proteins, and the polysaccharides are recoverable ro ^ 
specific precipitates. Finally, the carbohydrates turned on . fS 
sharply differentiated by their chemical composition and pr P 
as by the serological reactions. 

’Reviews are given by Heidelberger (z), Morgan (2), Mikuk 51 *^ 
rack (4), Velluz (4a), Rudy (4b), Kimmig (5), Levmthal (5a;. 

u See pp. 75 . 76; 100, 1 or- 
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V ..The polysaccharides precipitate with immune sera in dilutions up to 
several millions, elicit anaphylactic shock in passively sensitized guinea 
"pigs, 2 and give immediate skin reactions in convalescent pneumonia pa- 
tients. Owing to their capacity for combining with antibodies, the specific 
substances may, according to some experiments, counteract the defensive 
mechanism of the infected animal and in this respect exert an effect com- 
parable to that of so-called aggressins.® 

. For the tests, since generally immunization with isolated polysaccharides 
is not a suitable method, the necessary immune sera are prepared by injec- 
tion of whole bacteria. 


, 'The chemical diversity of the specific substances was dearly dem- 
onstrated in the first studies which included the representative types 
I, II, and III (Table 32). 


From pneumococci of type II the polysaccharide was obtained as 



" total nitrogen and 2,5% amino nitrogen,® the presence of an amino 
sugar and a uronic acid (galacturonic acid) was determined; and the 
nitrogen-free polysaccharide of type III was found to be composed 
of glucuronic acid units. Most completely cleared up by subsequent 
investigations is the constitution of the polysaccharide 01 .® It is 
built up from an aldobionic acid (glucose-4-jS-glucuronide or cet- 
lobiuionic acid, C,,Hi* 0 10 COOH) which can be prepared from the 
parent substance by hydrolysis. 7 Upon complete methylation, cata- 
lytic reduction and hydrolysis of the acid, 3-3-6-trimethyl glucose 
and 2 -4-dimethyl glucose were obtained in equirnolecular amounts; 

, 2 -4 -dimethyl glucose was identified by comparison of the dimethyl- 
• ^-methyt glucoslde with the synthetic compound.® From these and 


*Toajcsik (7), Avery and <8), Morgan (9). 

* v. (ic); Prtterjjon («). 

* Uronic arid was later demonstrated by Goebel (private communication) . 

1 The serological activity is destroyed by nitrous acid, or treatment with di- 
ftionium compounds (na). 

* This carbohydrate is obtainable in relatively large quantity, the yield amount- 
' Jng to about 1 gr. per j liters glucose broth culture. On the method of preparation 
v, Goebel (t»). 

.Superseding previous lower estimates (13), a minimum molecular weight of 
. 61000 is calculated by Heidelberg* r et »L <14) from the combining ratio wfth 
, antibodies; a still higher value obtained mih the diffusion method of Northrop 
and Anion has been reported by Babers and Goebel (*5); v. (*5*) (polysac- 
charide 1). 

* Ifefdelberget: and Goebel <t6). 

* Hotchkiss and Goebel (tj), Reeves and Goebel (i$>, Adams et al (*51). * 
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previous results it could be concluded that in the aldobionic acid 
units glucose Is linked to the third carbon atom of the glucuronic acid 
which again is connected with the fourth carbon atom of the second 
adjacent glucose molecule. 

Intermediate hydrolysis products were found still to be precipitable by 
horse, not by rabbit antisera (19), (19a). 

A survey of the specific substances of types I to XXXIII and some 
subtypes has been presented by Brown (20). The data gathered 
comprise the analytical values for nitrogen, amino nitrogen, phos- 
phorus, acetyl, figures for optical rotation and viscosity, tests for 
uronic acid and amino sugar, and the behavior towards precipitants 
(tannic acid, phosphotungstic acid, ammonium sulfate, barium chlo- 
ride, salts of heavy metals). Some of the polysaccharides contained 
a considerable amount of phosphorus; only that of type I gave a 
significant figure for amino nitrogen (before hydrolysis); nine prep- 
arations showed positive reactions for amino sugar, twenty-one gave 
the test for uronic acids. 

Following the demonstration by Lancefield (21) of a carbohydrate 
peculiar to streptococci, both the R and the S forms of different pneu- 
mococcus types were shown to have a species specific polysaccharide 
(called the somatic C polysaccharide). 0 Characteristic is the content 
of phosphorus, in organic combination, of about 4.5% which certainly 
accounts for small amounts of phosphorus found in some type-specific 
carbohydrate preparations; among the hydrolysis products amino 
sugar (more than twenty per cent) was identified (v. p. 225). The 
preparations may in addition contain another carbohydrate which is 
derived from the “peptone” of the culture media. 10 

Once the serological significance of protein-free bacterial carbo- 
hydrates was established, attention was turned to devising methods 
of preparation which would yield the polysaccharides unaltered as 
far as possible. Thus, the acetylated polysaccharide which Avery 
and Goebel (27 ) isolated, when degradation by alkali was prevented, 
was distinguished from the original dcacetylatcd product by its anti- 
genicity (p. 108) and the behaviour towards immune sera. Both sub- 
stances are precipitated to the same litre, but exhaustion with the 
acetylated product removes the prccipitins completely whereas after 

•Tillftt. Goebel and Avery (22), Heidelberger and Kendall (23), Goebel, 
Sbedlovsky, lavin and Adam* (24); v Wadsworth and Brown (25), Seva* (30). 

“Goebel (j6). 
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absorption with the deacetylated polysaccharide there still remain 
' precipitins for the acetylated substance. 11 Among other procedures 
employed for preparing the carbohydrates in or near their native 
state 12 are adsorption to calcium phosphate 13 and ultra-filtration u 
(prior to the usual fractional precipitation with alcohol). Heidel- 
herger and his colleagues (34), using methods in which heat, alkali 
and mineral acid were avoided, isolated the polysaccharides as neutral 
sodium salts characterized by high viscosity oi the solutions. Heating 
diminished the viscosity of these preparations owing probably to 
depolymerization of the “long, thread-like chains of the native poly- 
saccharide’’ and rendered the polysaccharide type III dialyzable, to 
some degree, in the presence of much salt. 

The discovery of specific carbohydrates in pneumococci could 
hardly fail to stimulate the search for similar substances in other 
bacteria, and many chemical data have been assembled. Heidelberger, 
Goebel and Avery extended their work to Friedlander’s bacillus, 15 a 
bacterium encapsulated like the pneumococcus. .From three types of 
this bacterium as many polysaccharides were obtained of which those 
from type B and type C have very similar chemical properties. The 
three polysaccharides are decomposed by acid hydrolysis into glucose 
and sugar acids and give a positive colour test with naphthoresoicinol. 
The substance of type A is probably built up of units consisting of 
one molecule each of glucose, an aldobionic acid and a second, un- 
identified sugar acid. The aldobionic add contains glucose and glu- 
curonic acid and is isomeric with the acid of Pneumococcus II , 
probably because of a different position of the linkage between the 
two components. Table 33 summarizes the chemical results on the 
polysaccharides of Bact. pneumoniae. 16 _ ' , . . 

In distinction to the polysaccharides considered thus far v ' 1 
reside in the bacterial capsules, the specific capsular subs nc 


» Cases of lability toalkali obstrvad ™oo| fte “W® 


ell. <s 9 ). Savag (30) (mno™I 

farm and amyl alcohol); Chow (31); v. Wong et al. (31a) < anU » eDJC 
lions). 

“Felton (32). M (35-37)- 

” Brown, Wadsworth (33), (30). 7, handle (38). 

14 On the cross reactions of capsulated bacteria v. Jubanene u 1 
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it s.- f. -e ; j--*. « -*- but the bacilli contain 

■ ■ ■ . ■ argely of glucosamine 

From non-capsuJated gram-negative bacteria carbohydrates have 
been obtained which are associated with the O antigens. For the 


Table 33 

[after Goebel (36)] 


Polysac- 
charide 
of Bae. 
Friedlander 

(«)o 

Acid 

equiva- 

lent 

C 

H 

N 

Sugar after 
hydrolysis 
calculated 
as glucose 
7 c 

Hydrolysis 

products 

Type A ... 

—JOO* 

430 

4 J 95 

60 

00 

(>s 

Glucose, aldobionic 
arid 

Glucose, aldobionic 
add 

Glucose, aldobionic 
acid 

Type B. .. 

+100* 

6S0 

446 

6 t 

00 

70 

TypcC.. . 

+100* 

65 o 



00 

70 


Salmonella group data on the chemical constitution of the specific 
substances in the various types are still lacking; 18 at any rate, cor* 
respondcnce was demonstrated between the precipitin reactions of 
the polysaccharides and the 0 types as determined by agglutination 
of the bacteria, 18 and differences in the somatic carbohydrates were 
found between the S and R forms. 20 Not seldom the 0 polysaccharides 
possess the Forssman property. 41 Freeman 24 prepared from B. ty- 
phosus an O-spccific polysaccharide which, when examined by frac- 
tional precipitation and in the ultracentrifuge, proved to bepractically 
homogeneous. After treatment with acctanhydride and saponifica- 
tion of the resulting (chloroform and acetone soluble) acetyl deriva- 
tive, the substance was recovered in unaltered state. Upon hydrolysis 
there were isolated — as the respective hydrazones — 40% glucose, 
21% mannose, and 17% galactose. The preparation contained 0.2- 
04% nitrogen, 04-0.9% P and about 3% acetyl. Examination in 

“lyanovics (39) This carbohydrate is chiefly responsible for the thermo- 
precipitin reaction of Ascoti in which aqueous extracts of infected organs, freed 
of * . ■ * - - ■ » - . ' 


“ 1 VUKC turthana Lanosieiner t 4 U, Motg-iu mu ness. v. mi 143/. 

* ( 4 t), (44)- The presence of small amounts of R polysaccharides in S forms 
of vibrios is discussed by White (43)- Cf. on the polysaccharides of mucoid 
itraios (41b), of p and R variants (45O, (*S*L 

* V. (18). “ (46); v. (4?), (48)# 
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the ultracentrifuge indicated a minimum molecular weight of the 
order of ioooo. It did not precipitate with Vi-antiserum. ' . 

Yhe polysaccharide of smooth strains of B. dysentenae Shiga was 
isolated by Morgan 23 in apparently pure condition, as evidenced by 
recovery of the substance, constant in its properties, upon employing 
various purification and fractionation methods and regeneration from 
acetyl and benzoyl derivatives. From the analytical results it is as- 
sumed that the polysaccharide contains units consisting of one acety- 
lated amino sugar and four hexose molecules. Among the hydrolytic 
products d-galactose and 1-rhamnose were identified. An acid equiv- 
alent of 9000 was found, but tironic acids were not detected; phos- 
phorus in organic combination was demonstrated. lodometric titra- 
tion indicated the presence of one free aldehyde group and a minimal 
molecular weight of about 5000. Interesting results, to be discussed 
below , were obtained in investigations on the full bacteria) antigen 
of which the polysaccharide is a constituent. 

Cholera vibrios and some related organisms were classified by 
Linton 21 into three types (v. p. 35), each sort of vibrios having one ■ 
of three different polysaccharides, 23 containing: (1) aldobionSc acid 
and galactose, (2) aldobionic acid and arabinose, (3) glucose, a 
nitrogenous compound, and phosphorus. The aldobionic acid was 
shown to be composed of galactose and glucuronic add. 

A number of serologically different polysaccharide fractions, and 
others which are inactive, have been separated from tubercle and 
other acid-fast bacilli. 23 To be noted are the low values obtained in 
molecular weight determinations on some of the specifically preripi- 
table polysaccharides (55b). The carbohydrates contain d-mannose 
and d-arabinose in varying proportions. These sugars appear to be 
the chief constituents; other sugars, inosite and unidentified acids 
have been recorded as cleavage products of the polysaccharides ana 
phosphatides, still others in the immunologically inert waxes. 

Noticeable on account of the varied and sometimes peculiar em 
ical composition are polysaccharides — not examined serologies y -**• 
which were isolated from moulds. 27 For instance, one of e su 


** (49) ; v. (3). 

* A S ctaS&^rbohydrate'coMain;nE hapten v” 

the gelatinous intercellular substance of rugose variants, tor «• 

^’“HeMdberjeretil. fo); (54) (borne stem); (55) (to)!** 

et a!. (55a, 56-40). * 
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stances, that present in cultures of Penicillium luteum, is composed 
of glucose and malonic acid; another gave on hydrolysis a mixture 
of d-glucose, d-galactose and either 1-altrose or d-idose. 

A carbohydrate produced by Trichophyton, which contains glu- 
cosamine, may be responsible for the cutaneous trichophytin reac- 
tions. 23 

ImmimoJogicaHy reactive carbohydrates have now been found in a great 
number of bacteria. In many instances little is known about the chemical 
composition of the preparations aside from the demonstration of reducing 
sugars after hydrolysis and other qualitative reactions. A partial list of 
studies on bacterial and some other specific polysaccharides not already 
referred to is given here: streptococci (63-67), staphylococcus (6B-69), 
gonococcus (68, 70, 71), meningococcus (68, 7 3, 73), leuconostoc (74), 
Salmonella bacilli (73-77, 45), Bact. proteus ( 78-81 ), Bact. lactisaerogenes 
(8a, 38), Bact. rhinoscleromatis (83-85, 3), Brucella group (86), Phyto- 
monas and Vasteurella groups (8 7), H. influenzae (88, 89), Bact. mallei 
(90, 3), fusobacteria (91), C, diphtheriae (92), Cl. welchii (93), spiro- 
chaetes (94), Asterococcus (95), Rickettsiae (80), yeasts and fungi (96- 
roo, 62), Helminths (101)” (For trypanosomes see (254)]. 

Besides specific bacterial polysaccharides serologically inactive ones have 
been encountered. 50 

A polysaccharide isolated by Kendall and coworkers from mucoid strains 
of streptococcus was found to contain N-acetyl glucosamine and glucuronic 
acid In equimolecular amounts and, curiously, appeared to be identical with 
an acid carbohydrate (hyaluronic acid) occurring in human umbilical cord 
and other tissues, and in bovine vitreous humor. 51 

A source of error in investigations on bacterial polysaccharides 
was pointed out by Sordelli and Mayer (104) and Morgan (102) 
who observed that antibacterial immune sera may contain antibodies 
for the carbohydrates of the agar used in preparing (he culture media 
(p. 98). Zozaya’s report (105) on numerous cross reactions of 
bacterial carbohydrates was called in question on this account 

"Blocb rtah (6a). 

"Campbell recorded highly- specific precipitin tests with carbohydrates from 
several species of worms. Such a preparation from Ascaris lumbncoides was 
found by Baldwin and King fijj) to consist largely of glycogen, and the authors 
are led to the conclusion that the specific properties must be due to some substance 
present in small proportion or, conceivably, to croups attached to glycogen. 

"Oerskov < ros a L Morgan (ioj). 

* Kendall, Heidelbergrrand Dawson (toj). Loewenthal (67) found the carbo- 
hydrate to has-c serological activity. 
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specificity of bacteria and of bacterial types came as a surprise, but 
the existence of a great number of specific polysaccharides is, after 
all, as intelligible as the enormous multiplicity of proteins. As Heidel- 
berger remarked, very many compounds can arise from the asym- 
metry of carbon atoms in sugars (pentoses, hexoses) and sugar adds, 
the position of the oxygen bridges, the a and ^-glycoside linkages 
and the various modes of union of sugars and sugar adds. Great 
diversity in the make-up of polysaccharides has actually been dem- 
onstrated in recent chemical work, and that the differences in con- 
stitution suffice to explain the immunological specificity ST is borne 
out by the serological reactions of synthetic compound antigens, such 
as those prepared from stercoisomeric tartaric acids, sugars and 
sugar acids. 

The problem of establishing relationships in carbohydrates be- 
tween serological specificity and their chemical constitution entails 
difficulties similar in kind to those encountered with proteins, though 
less in practice. Already, instructive results have been obtained 
through the use of artificial compound antigens and of inhibition 
reactions. The serological relationship of pneumococcus polysac- 
charides and antigens made from glucuronic or aldobionic adds** 
and the partial inhibition by glucuronic acid and glucuronides in the 
precipitation of the pneumococcus polysaccharide type II,** leave no 
doubt about the significance of the sugar add components in the 
spedfic structures. Leading in the same direction arc the prominent 
influence of acid groups on specificity in general and experiments of 
Chow and Goebel (116) in which esterification of the polysaccharide 
of type I pneumococd by means of diazomethane was shown to 
abolish its reactivity.* 0 Though a promising lead, these observations 
do not provide a full explanation of the specifirities. There are spe- 
cific polysaccharides without uronic acids, and as for the others, these 
adds alone cannot constitute the determinant groups, in view of the 
marked serological differences between polysaccharides containing 
the same acidic components. Furthermore, after precipitation of 
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some instances. Tubercle bacilli were shown to contain a mixture of 
reactive polysaccharides, and from pneumococci and meningococci 
type specific as well as species specific polysaccharides could be iso- 
lated. Attempts at fractional precipitation of polysaccharides with 
th,e aid of precipitating antibodies each corresponding to a single 
component of the apparent antigen mosaic, in analogy to the partial 
absorption of antibodies from an immune serum, have not thus far 
led to the separation of fractions of different specificity; 51 on the 
contrary, these experiments seemed to prove the homogeneity of the 
substances tested. 

The formation of more than one specific antibody in response to a 
single polysaccharide has been shown by partial absorption of anti- 
sera with heterologous precipitants in practically every case of over- 
lapping reactions; typical examples are the pneumococcus types III 
and VIII, or the antibodies in hemolytic antibacterial immune sera 
of which only a fraction combines with blood cells. However, fre- 
quently upon absorption of immune sera with heterologous materials 
antibodies are left behind for the homologous substance; as pointed 
out before, such results while suggestive cannot be regarded as an 
equivalent substitute for chemical evidence, in demonstrating the 
presence of distinct groupings in a molecule . 

Complex bacterial antigens. 63 — It has been mentioned pre- 
viously that a new and fruitful fine of inquiry was opened up by 
Boivin and his coworkers, and Raistrick and Topley, through the 
separation from gram-negative bacteria of potent antigenic materials, 
free from protein and composed of phosphatides, polysaccharides 
and nitrogenous substances in loose combination. Extraction vn i 
trichloroacetic acid or tryptic digestion was first made use of in ® 
preparation; in later methods urea (128a), diethyleneg ty co , an 
formamide have been employed . The substances were faun 
toxic and to represent so-called endotoxins ; s ^up° n injec ton * „ 
animals 0-agglutinins (and weak anti-endotoxins) are pro u 


"Furth and Landsteioer (41). Bu«et C** 7 )». ^ 

Carpenter (toS). Bume‘ a «ven antiserum 

a bacterial polysaccbaric '• the 

methods into dissimilar , 
antigen.” 

**v. (p. J09). ... 

*Cf. Tolley and Wilson (ro), Haas V«So). . 2 cd pro- 

“Sera made Me bacteria may, xn addition, contain W** 
tdo-antibodies. ' 
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The polysaccharides being the main specific components, great di- 
versity in composition has naturally been encountered among different 
bacteria; various simple sugars, amino sugars, and uronic acids have 
been recognized as cleavage products. 

The somewhat variable composition of the complex antigens may 
be instanced by analyses of the substance from Shiga bacilli. Ele- 
mentary analysis of a typical preparation gave: C 45-5$>» H 7.6%, 
N 3.8^, P 1.3%. 

The results obtained with various bacteria (and their variants) are dis- 
cussed in papers by Boivin and others (129-533). The failure to extract 
complete antigens of this sort from Gram-positive microorganisms proves 
again the marked biochemical difference paralleling the distinction by the 
Gram stain. It may be noted that the antigens underlying the Weil-Felix 
reaction (134) and Felix's labile Vi antigen, 5 ® responsible for the virulence 
of typhoid bacilli, belong to the class of antigens under discussion. The 
latter could be differentiated from the O antigen Uhracentrifugal separa- 
tion of (different) fractions is described by Boivin [v. (134a)]. 

The constitution of the complex antigens and the immunological 
significance of the components have been elucidated by further studies. 
In the work of Morgan and Partridge (135) on Bact. dysenieriae 
Shiga, the primary product, extracted with diethylencglycol and 
fractionated with acetone, was subjected to stepwise dissociation by 
formamide. In the process first phospholipid was split off, and an 
antigenic complex of polysaccharide and a substance originally de- 
scribed as “polypeptide like" but later recognized as a protein, was 
obtained, capable of eliciting agglutinins for Shiga bacilli, prccipitins 
for the polysaccharide and heterogenetic sheep hemolysins. On re- 
peated treatment with formamide this combination was partially 
broken up and the specific, non-antigenic polysaccharide hapten set 
free. The protein, itself antigenic, is therefore essential for the im- 
munizing properties,* 7 and this is corroborated by the loss of anti- 
genicity upon tryptic digestion of the complex antigen, which goes 
along with destruction of the protein. Dissociation of the antigenic 
complex takes place also in strong phenol solution and in aqueous 
alkaline solution. 

According to K. Meyer {258) the hcterophile reactivity of the complex 
antigen is weaker than that of the polysaccharide resulting from its cleav- 
age; the same relation was found for the predpita Jive capacity (134a), 

" (tr?), (48), Osi), (*J7). (41b). •* v. (136), <r jj). 
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The three constituents were found to amount to: phospholipid 
9-i2$>, polysaccharide 50-55%, protein 17-20%; the presence of 
other components in small amounts could not be excluded with cer- 
tainty. In the lipid oleic, palmitic and glycerophosphoric adds were 
identified, and in the protein 8% tyrosine, 5.5% arginine, and sub- 
sequently 6% tryptophane -and at least 12% glutamic add were 
determined. 


In continuing their investigation, Morgan and Partridge showed 
that the protein is probably conjugated and dissociates in strong 
phenol solution to yield, presumably by removal of a phosphorus 
containing prosthetic group, a different protein, characteristically 
soluble at pH 2. 0-2 .5, with about 14.5% nitrogen, and free of phos- 
phorus. This protein was obtained also from rough strains which 
do not contain the complex antigen. 

Much the same situation has been encountered in the case o{ Pact, 
typhi and Bact. typhi murium. Freeman and Anderson (136) found 
that the 0 antigen can be dissociated by mild hydrolysis into a poly- 
saccharide component (v. p. 215), an insoluble "polypeptide," a 
small amount of lipid, and a soluble nitrogenous component which, * 
however, Morgan and Partridge (48) think belongs to another an- 
tigen (Vi). Unlike the Shiga antigen, that from typhoid bacilli is 


relatively refractory to tryptic digestion. 

The antigens of organisms of the Brucella group have repeatedly 
- been explored 58 (with rather inconsistent results), most carefully 
by Miles and Pirie (86) . These workers isolated, by centrifugal frac- 
tionation at 14,000 r.p.m., the antigen of Br. melitensis, apparent y 
in its native state, as a material which is birefringent under certain 
conditions and resembles plant viruses in particle size 6 and am 
sotropy of flow. It is made up of phospholipids, a protein or pep » e » 
and a formylated amino-polyhydroxy compound, most like y a PpJJ 
saccharide. From the complex the protein-like substance an P 
can be split off, and the resulting product contains the atmoo^o 
hydroxy compound and phospholipid. This substance has a m 
weight of about one million, is precipitable in high dilution an > P 
. ably antigenic to some extent. By' treatment with 50 t}jen 

sulphate it is disaggregated — like the original comp e, S ^ 

a molecular weight of z to 2 x 10 s . Further degrada 


“ Bibliography in ( 86 ). . .. rharactcr ued antigens In 

"The demonstration of particulate, serologically, cnara 
animal tissues may be recalled (pp. Si, 130, see also p. )• 
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hydrolysis removes phospholipid end yields the amino carbohydrate 
which is no longer precipitable but still inhibits specifically the agglu- 
tination of Br. melitensis. 

Results having an important bearing upon the problem of anti- 
genicity 60 were gained in the chemical examination of another bac- 
terial antigen, namely the Forssman antigen of an R variant derived 
from type 1 pneumococci which was obtained in a yield of only about 
700 mg. from five hundred liters of bacterial culture. The active 
substance proved to be, like the Forssman substance of animal origin 
(p. 229), a lipocarbobydrate, differing from the latter in that it con- 
tains only about 6% lipoidal material and as much as 4-5 Jo phos- 
phorus, and is a potent antigen without the aid of added protein. It 
consists of a carbohydrate, seemingly identical with the C poly- 
saccharide of pneumococci, and of firmly bound fatty acids which 
appear to confer upon the polysaccharide antigenicity and the cross 
reactivity with sheep blood. In both substances — C polysaccharide 
and Forssman antigen — a small percentage of the total nitrogen 
(6$&) is not accounted for by amino sugar, indicative of the presence 
of an additional nitrogenous component. This as well as a sugar con- 
stituent, other than amino sugar (probably acctylglucosamine), have 
not been identified. The most significant finding is the absence, not- 
withstanding the high antigenicity of the substance, of amino acids 
in the molecule, as determined by van Slyhc’s ninhydrin method, a 
point to which special attention had not always been given in the 
studies on complex bacterial antigens. 

It is quite possible that other bacterial substances belong to the 
category of amino acid-frec antigens, such as the phosphatidcs 
recovered from acid-fast bacilli. Specifically reacting,' ” antigenic 
phosphatide fractions prepared by Anderson ® 2 from human tubercle 
bacilli, differing from ordinary phosphatidcs by the absence of bases 
and the very small nitrogen content, yielded on hydrolysis several 
fatty acids, organic phosphoric acids, inositc, mannose (and another 
hexose).* 5 Among the fatty acids in the phosphatidcs from human 

"Goebel, Shedlovsky, Lavin and Adams (24). 

"Koqurt and Nigre, P inner (tjS), rcderscn-Bjergaani (1^9), Chargaff and 
Schaefer (140); v. Klopstock tt ai (J41), Saador et * 1 . (141), Witebsky tt al. 
(143). 

(144)* Lipids and fats, in a surprisingly complex mixture, varying from 
xtrain to strain and Including substances of peculiar composition, constitute a 
large part— -up to aa% (or more) — of the bodies of tubercle and other arid- 
fast bacilli [OurgiS et at. (14 s) !• The literature Is reviewed ja (146), (tar). 

"Cf. ChargaS and Schaefer (59) (Calmrtte-Cufrin bacilli). 
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strains of tubercle bacilli an optically active, branched, saturated 
acid, phthioic acid, was detected which, like Anderson's phosphatides, 
produced histological changes resembling .tuberculous tissue reac- 
tions (Sabin et’al.). Whether or to what extent the fatty con- 
stituents Influence the specificity of the phosphatides is undecided. 

Macheboeuf,« who questions the purity oi other preparations found to 
have immunological activity, prepared complement-fixing, non-antigenic, 
nitrogen-free lipids of tubercle bacilli which he describes as a mixture, in 
the form of salts, of glycerophosphoric and inositophosphoric acids in ester 
linkage with fatty acids, related in composition to substances found in 
higher plants. 

Supplementary references on specific bacterial substances extracted by 
organic solvents are: (151, <5x3) (diphtheria bacilli) ; (152-159); (160- 
162) (reviews). 

Antigenic particles containing protein, nucleic acid, lipid, carbo- 
hydrate and pigment, with a diameter estimated at around 40 my, 
were separated in the high speed centrifuge from streptococci, dis- 
integrated by grinding or by sonic vibration.® 6 

A potYT>EPTtDE-LJKx hapten. — In view of the parallelism exist- 
ing between pneumococci and anthrax bacilli with regard to the cor- 
relation between virulence and the ability to form capsules in the 
animal body, it is of great interest that the specifically precipitate 
capsular substance of B. anthracis proved to be not a polysaccharide 
but, as shown by Ivanovics and Bruckner (163), a polypeptide-like 
substance of unique composition. The colloidal, strongly acid sub- 
stance is made up of only one amino acid, namely d -glutamic acid, 
the optical isomer of the “natural” 1 (-V-) — glutamic aetd,^ Since in 
the bacterial capsules there is a considerable amount of this hapten 
and most enzymes of animal origin so far examined attack ony 
peptides consisting of the natural amino acids, a reiationship between 
virulence and the peculiar chemical character of the hapten has een 

Under the supposition of a simple peptide chain, and from the ratio 
amino N: total N, it would follow that the substance contains 40-5 
glutamic acid residues and has a molecular weight of about 6 ooo t 
the possibility of a more complicated structure is left open, especi y 
“The histological effects of various of the bacillary fractions are summarized 
by Sabin (148) * . . 

* {149), (t47>; y. Bloch (150), Bailey (150a). 
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because of the somewhat too high add equivalent. To be noted is the 
occurrence of substances indistinguishable from the anthrax poly- 
peptide in the organisms of the mesentericus and subtilis groups; 
cultures of these bacteria have been recommended as a suitable 
source material for the preparation of d-glutamic acid. 

Preparation or artificial antigens using bacterial pro- 
teins.* 7 — In the study of the complex antigen of dysentery bacilli, 
Morgan and Partridge observed that its dissociation by formamide is 
reversible, and that the (conjugated) protein can be recombined 
with the “undegraded” polysaccharide to form again an antigenic 
complex. This resynthesis took place not only in formamide but also 
in slightly alkaline aqueous solution, and an active Shiga antigen 
could likewise be prepared by combining the protein of typhoid bacilli 
with the Shiga polysaccharide. The method, reminding one of the 
immunization with organ extracts and foreign proteins, proved to be 
generally applicable and enabled, by combination with the protein 
in formamide solution, potent antigens to be made from agar and 
plant gums. Combination of the Shiga protein with the group sub- 
stance A contained in commercial preparations of pepsin or gastric 
mucin (p. 232) also yielded an antigen capable of eliciting anti-A 
immune sera of high litre. 

In alkaline solution Shiga polysaccharide forms complexes with 
the bacterial protein after degradation by phenol, and with other 
proteins, 09 but these combinations differ from the ones made with 
the native conjugated protein in that they disintegrate on heating 
and arc non-anti genic. Hence one may infer that a special group 
in the conjugated protein is responsible for the formation of a rela- 
tively stable complex. The complexes with ordinary proteins have 
some importance for the investigation of antigens, inasmuch as these 
materials are not precipitated by trichloracetic acid, which shows 
that negative reactions with protein prccipitants, as with bacterial 
products containing polysaccharides, should not be taken as valid 
proof of the absence of protein. 

The claims that adsorption to collodion particles (or flocculation by im- 
mune sera (p. joS)] imparts antigenic properties to polysaccharides could 
not be confirmed with the Shiga polysaccharide. Positive immunization 

"(13S). O6-0. 

** On the formation of complexes between carbohydrates and proteins v. Przy- 
lecU et al. (165). 
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results obtained with agar or impure gums may well be connected with’tbe *’ 
findings of Partridge and Morgan, - . 

■ J ^ lx 

Specific substances op animae ohigin. — The assunii&in'i ! -'if 
serologically reactive lipids,'* suggested by the primary. solubility oil! 
specffic substances in organic solvents, has received some a»8n&>3 
tion from reports on antibody reactions of chemically defined UpMfSj 
(p, in). In so f"* chwrH’a* rv5 , *:"rr ! -y i**,.; vi ; *, 
one may suspec: ■ . < f • * - . : ■ - ■ ■ 

question is carried « urisriy v: sr r trr -r-v l.y *■: ;;■■■. /■ .* . j 

than by the fatty c: ■ ?. ! . ■ ■ .* ;; 

been obtained from animal sources. * * f ,~ l -yiH 

- ~"vA 

Lipids were seen to participate in phenomena that, according lomaterial Vf 3 
and technique, fell within the scope of serological work. 70 Among these*/*! 
topics are the neutralization of toxins 71 and lysins, e.g. the inactivation,of 
tetanolysin and other hemolysins (also saponin) by minute amounts 'of ; Vj 
cholesterol, 72 which substance possibly contributes to the antilytic prop- - 
erties exhibited by sera. From studies of Abderbalden (170) and Walbum 
(171) the hydroxyl group of cholesterol is of importance for the neutralira : 'j£ 
tlon of saponin while saturation of the double bond by addition of bromine' V-, 
is indifferent; in the series of aliphatic alcohols the highest members (cetyV ^j 
myricyl alcohol) showed marked antilytic properties. With saponin, ..cho^Xjj 
lesterol forms a non-hemolytic crystalline molecular compound (Windaus), 
Further subjects, followed up because of the outward similarity 7 * V,-* 
possible relationship to other forms of cytolysis, are the hemolytic (and^j^ 
bacteriolytic) effects of organ extracts, attributable probably to soaps and 
fatty acids, and of cobra and other snake venoms. Venom hemolysis is 
activated or strengthened by lecithin or serum and could be traced to tht-yjsj 
action of a lecithinase, which results in splitting off oleic acid^and converting as 

lecithin into a strongly hemolytic substance — desoleolecithin (lysoteciv^m 

thin). 7 * ^ tc M 

The subsidiary role of lipids, noted in specific precipitation (p. 24 ®/» 
prominent in certain complement fixation and flocculation tests, ut par- m 

' . . . . , . ' ■ mates substances;- 

• ■ rm < .... . ■ ^-•Vk' 

. ... . . :■ <tas>, 

Z’&f'Wh-.-. ...... hemolytic action of fatty acids (dcic^pj 

V / ■■ ■ (,73), Kyes (J74). 

c'.v-,':;... ... ■ (*77)* • e-'A 
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ticular those of syphilis sera where lecithin seems to be requisite and 
cholesterol is added to the reagent for intensifying the visible reaction. 75 . 

Isolation in' a pure state of the specific substances, tentatively 
classed as lipids, is a difficult task since it involves the separation of 
small amounts of active material from a bulk of lipids which have the 
property of modifying solubilities. Indeed, -it has been observed that 
in the presence of lecithin various substances such as sugar, proteoses, 
cobra venom, ferrous hydroxide, may pass into organic solvents. 

In the case of the Forssman hapten, the circumstance that starting 
material is available in quantity offered opportunity for chemical 
study. The Forssman hapten, recovered from horse kidney first in 
fractions consisting largely of cerebrosidcs, 70 was on further frac- 
tionation shown to possess distinctive properties (181). Active 
protein-free preparations were separated, dissolving in water or dilute 
alkali and in pyridine but not soluble, or barely so, in other common 
organic solvents; in comparison to the known cercbrosides and phos- 
phatides their carbon content was much lower, and a greater amount 
of reducing sugar was found after hydrolysis, along with a consider- 
able proportion of fatty acids; the preparations contained 2-4% 
nitrogen, no sulphur or phosphorus. 

Even though it could not be claimed that the substances were 
homogeneous, the observations suggested the carbohydrate nature of 
the specific groupings and, by presumption, the significance of carbo- 
hydrates for the specificity of haptens of animal origin, in analogy to 
bacterial polysaccharides. 77 

An extensive investigation was conducted by Brunius; 78 several 
preparations were obtained, one of which appeared to be of greater 
purity than those examined previously, as estimated by serological 
tests (inhibition of hemolysis 70 of sheep cells by Forssman antisera). 
Among the hydrolytic products glucosamine was identified, and the 
presence of aldo-hcxoses was inferred. The amount of glucosamine 

"v. liazalo (178); (i;g) (influence of lipids on stability of bacterial su*pcn- 
sions) 

" Sorddli et al (180). 

”(181) ImmunoloeicaUy there is a difference between bactcnal polysac- 
charides and the pnmanly alcohol-soluble haptens of animal onein in that the 
latter eahibit the phenomenon of high antigenic activity upon addition of proteins, 
a feature which mjy be connected with the fatty acid content. 

" (iSj); v. (1S3). 

"For the method see Landsteiner and van der Schecr (183a), Brahn and 
Schiff (199). 
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increased with the potency of the substances and accounted, in the 
most active preparations, for one third of the reducing sugar as well 
as of the total nitrogen. The serological activity was destroyed upon 
treatment with strong alkali or diazomethane but was not affected by 
proteolytic enzymes, cobra venom, 80 and by treatment with phenyl- 
isocyanate or nitrons acid, the latter result indicating that glucosamine 
may be present in acylated form. The demonstration of glucosamine 
in the Forssman hapten is of interest in view of the occurrence of 
acetyl glucosamine in the serologically related polysaccharides of 
Shiga bacilli and certain pneumococci, and in the group A substance 
(see below). - 

Separation of a water-soluble active material, after hydrogenation, from 
the acetone-insoluble lipid fraction o! horse kidney was reported by Fuji- 
mura ( 185) . His results do not justify conclusions as to the chemical nature 
of the active substance. 

The substance which serves as reagent in the Wassermann reaction 
for the diagnosis of syphilis is, like the '‘lecithin” hapten, exceptional 
among serologically active materials on account of its, widespread- 
distribution, surpassing in this respect even the Forssman antigens. 
Originally devised as an application of Bordet-Gengou’s complement 
fixation to a special microbe and carried out with tissues containing 
syphilis spirochaetes, the reaction was soon found to take place with 
alcoholic extracts of normal organs; of these, heart muscle proved to 
be particularly reactive. 81 This tissue is routinely employed for the 
preparation of diagnostic extracts and has also been used as the 
material of choice for chemical investigation. Efforts to isolate e 
active principle gave mostly indefinite and in part discrepant resu 
Consistently the substance was found to be preeipitable by acetone 
and cadmium chloride, which directed attention to the role of feci • 

In fact, an optically active ^-lecithin was reported to be the e eci 
component of the heart extract (r 88), but this is not consonan 
conclusions of other workers. 82 In recent papers by Pangbcrnfj? ^ 

evidence is brought forward to sho ■ ' j 

lipid (car diolipin) is essential for 

' • w 1 — f.cA 

; 1 ‘ Sev* 

. oft&e 

■ (per* 
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test addition of lecithin and cholesterol is required, Pangborn is in- 
clined to believe that the reactivity of the heart extracts is not due to 
a single substance but to three components. From the consideration, 
however, that the union with antibody probably takes place through 
a special grouping, the chances are that the part played by lecithin 
and cholesterol is subsidiary. With the purified, certainly specific 
Forssman substance (i 8 r), too, and some other haptens (151), non- 
specific lipids are added as adjuvants. 

The nature of the specific brain hapten, extractable by cold alcohol, 
still awaits elucidation. Rudy (194) separated an active fraction, 
apparently water-soluble, relatively stable against alkali, free from 
phosphorus, and not related to cerebrosides. 

In the investigations on this and other animal haptens, in addition to 
separation by solvents, adsorption procedures have been employed. 8 * It has 
been possible in this way to separate artificial mixtures of specific substances 
and, in organ extracts, the "lecithin” or the Wassermann haptens from the 
Forssman substance. Progress in this Field may be anticipated from the use 
of the methods of adsorption analysis developed by Twsett and others . 83 

Blood croup substances. — Apart from the findings just out- 
lined, the extraction of species specific substances from erythrocytes 
by alcohol and the agglutination of bloods (also other than sheep 
blood) by antipolysaccharide sera (p. 98), little has been learned 
about the chemical nature of the haptens in animal cells, Some ad- 
vance has been made with the substances that arc associated with 
the reactions of blood groups. Alcoholic extracts of moderate activity 
have been obtained from human red cells and tissues, 88 and serologi- 
cally reactive aqueous extracts 87 from the erythrocytes; but neither 

sonal communication). From analyses of precipitates formed in the flocculation 
tests with syphilis sera Brown and Kolmcr (193) were led to conclude that a non- 
nitrnsrenous substance is responsible for the reaction 
“ (160), (i 95 -* 97 ), ( 4 b). 

**v, (198). 

**(199-^03). The serological behavior of alcoholic extracts from A cells has 


aibie tor positive tractions. 

The properties M and X of human blood have not been demonstrated in 
aqueous or alcoholic extracts, or in secretions (to?). 
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of these preparations has served to clear up the chemical nature of 
the substances. The possibility that the solubility in alcohol maybe 
due to a combination of the specific substances with lipids was con- 
sidered by Schiff (208). 

New materials for chemical studies became accessible when it was 
found that water-soluble group-specific substances, demonstrable by 
inhibition of isoagglutination or hemolysis (and giving precipitin re- 
actions with selected immune sera) 83 are present in saliva, gastric 
juice, urine, and organs of human beings and certain animals. Brahn 
and Schiff 89 described active preparations from commercial pepsin 
in which, after hydrolysis, reducing sugar could be demonstrated; 
galactose was identified, and the presence of amino sugar was sur- 
mised. Freudenberg and his coworkers (2x1) separated from human 
urine of groups A, B, and O preparations containing galactose and 
N-acety)glucosamine. The activity of these preparations was weak 50 
and later, in an apparently purer preparation, no acetylglucosamine 
could be detected. Yet the two constituents, galactose and glucos- 
amine, were subsequently again identified in highly active group 
A-substances ' n irom horse saliva and in commercial pepsin, w mudn 
and peptones. 

In our preparations from hog stomach the presence of amino acids 
[v. (2 14) ] was shown by the Sakaguchi reaction for arginine, and by 
weak biuret and xanthoprotein reactions, and by a faint test with 
ninhydrin; the reaction • 
sulphur and phosphoru 

terminations by Van Slyke’s ninhydrin method 93 on preparations 
from hog stomach, commercial mucin, and pepsin showed that the 
amino acid N amounted to about z^6, that is roughly jsfo 


** v. Poulsen; Boyd (208a) (immunization with saliva). 

" v?°(ala)? This indicates that the group substances in urine ate 
reactive, or that the preparations contained much inactive material, pos y 
iiar in chemical composition to the group substances. . , . .. 

■' Landsteiner, Chase, Harte (212), (213); Freudenberg l me Oiods). 

papers should be consulted for detailed descriptions of punfiatio . 
Further analytical resets are given by Goebel ( 215 ), K. Mgg ' 

WitebsVcy et al. (217) (gastric juice of group B and O individuaW. y'^, 
substances from hog stomach gave about 55% reducing sugar (as gl • 

AsaSS^of^tkUtod pepsin (Northrop) contained only traces of group 

SUb "Because of contrary statements it should be mentioned that glucosamine 
does not interfere with the method (218). 
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total N ; and about 2.5% amino acid N was found in substances from 
human saliva. It may be concluded that amino acids, presumably in 
peptide linkages, are a part of the active molecule; for various meth- 
ods of fractionation, heating with formamide, tryptic digestion, or 
acetylation followed by deacetylation of the chloroform-soluble prod- 
uct, according to the method prescribed by Freudenberg, did not 
succeed in reducing significantly the amino acid content. If our con- 
clusion is correct, the group substances represent a new type, related 
to glucoproteins but peculiar because of the very high carbohydrate 
content. 

Jorpes and Norlin (219) found tint the anti-agglutinating activity of a 
group substance of rather low potency from urine was greatly diminished 
~by tryptic digestion and described two fractions, one inhibiting isoagglu- 
tination, believed to be a protein, the second antilytic and probably a poly- 
saccharide. In our e.Tperiments treatment with formamide or tryptic diges- 
tion was also seen to reduce greatly the anti-agglutinating power whereas 
the antilytic activity was even increased by formamide treatment. Both 
methods, however, did not change substantially the amino acid content. 

As for the serological importance of the constituents, there is 
no doubt that the carbohydrate moiety plays a part. A cogent argu- 
ment is the fact that antisera 94 specific for the polysaccharides of 
Pneumococcus XIV 95 and of anthrax bacilli 98 give, in the cold, rather 
weak but unmistakable precipitation with the blood group substances, 
directly or — with anthrax serum — after slight hydrolysis; further- 
more, the A substance was found to inhibit the agglutination of hu- 
man blood cells by immune sera for type XIV (p. 98). Secondly, 
A haptens are destroyed * T by microorganisms which attack certain 
bacterial polysaccharides — Morgan’s Myxobacterium, Saccharo- 
bacterium ovale described by Sickles and Shaw, and a bacterium, 
exacting in its nutritive requirements, cultivated from leaf mold by 
Chase (225) — and the urine A substance could be inactivated, 
simultaneously with liberation of reducing sugar, by an enzyme from 

**v. (p SJl). 

"Beeson and Goebel (220). The reaction of polysaccharides of other pneu- 
mococcus types with anti-A sera may have to do with the peptone content of the 
culture media and, particularly in view of Morgan’s observations on artificial 
anticens. it is comprehensible. that this sort of contamination can account for 
fal«e cross reactions of bacteria [Goebel (26), Ottensooser (221), (260)]. 

"Ivannvics (222). 

" Landsteincr and Chase (223). On decomposition by an enzyme from Cl. 
welchii v, S chill (224). 
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the digestive organs of snails [Fretidcnberg (211)3. Lastly, the 
significance of acetyl glucosamine is supported by Freudenberg’s 
observation that group substances are inactivated by partial deacetyl- 
atton, and the activity restituted upon reacetylation with ketene. 

Whether or not the presumptive polypeptide structure is involved 
in the specific reactions cannot be stated from the evidence at hand. 
Were the answer in the affirmative, it would lead one to surmise, con- 
sidering the extraordinary diversity of specific cell properties, the 
existence of numerous substances, similar in carbohydrate composi- 
tion, yet serologically different by virtue of peptide components. 
However that may be, it has not been possible, so far, to distinguish 
chemically the substances that characterize the several blood groups. 
Analyses carried out with saliva preparations for N, amino acid N, 
hexosamine and reducing sugar revealed no significant differences 


not definitely characteristic. (Instances of serological diversity oi 
chemically indistinguishable substances, already noticed, were also 
encountered in the domain of bacterial polysaccharides). 

As in the case of the Forssman hapten, the group substances from various 
sources although related are not or need not be identical. Thus, serological 
distinctions could be made between the group substances in human blood 
and secretions |v. (227)]. The analytical differences, as between the sub- 
stances of comparable activity from horse saliva and pig stomach, canno 
be taken as decisive on account of uncertainty concerning the purity of t e 
preparations. Dialysis experiments seem to indicate that the A substance 
can exist in various states of dispersion (2x3). ' 

In view of the negative results the statements concerning differences 
tween the human blood group substances, found in adsorption espenmen 
and by other means , 53 Would call for closer examination. 


Enzymes for bacterial polysaccharides . 00 The discovery 
made by Dubos and Avery (23O of an enzyme specific for the caroo* 
hydrate of Pneumococcus III affords evidence for the : simi y 
specificity of immunological and enzyme reactions . 100 After assiduou 
search this enzyme was detected in mixed cultures of soi * 

and with the aid of special culture media containing t e spe 


* (228), (229); v. (2293). 

■”Otfer b Samp°es are bacterial enaymes Hamtaed by Kar«™ m < J3,) “ d 
ops oxydase specific for 1-3-4-dibydroayphenyIaIaiune G 33 > 
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stratum, a bacillus was isolated whose capacity to produce the enzyme 
could be enhanced by continued cultivation in the presence of the 
substance. While splitting the polysaccharide of type III by depoly- 
merization, this bacillus was without action upon those of the pneu- 
mococcus types I and II; still more strikingly, bacterial enzymes 
for the serologically related polysaccharides of Pneumococci III and 
VIII attacked only the corresponding, not the other polysac- 
charide. 101 When the enzyme for type III was allowed to act upon 
live cocci their capsules were destroyed, which serves to explain that 
the enzyme exerts protective and curative effects in animals although 
it does not hinder the growth in culture media. 

A Myxobacterium decomposing various bacterial polysaccharides 
was described by Morgan and Thaysen (236), and Sickles and Shaw 
(237) found several bacterial strains which produce enzymes at- 
tacking pneumococcus polysaccharides. 

The high bactericidal potency towards certain bacteria of an enzyme — 
Fleming’s lysozyme — present in egg white, tears and other secretions, is 
probably due to the decomposition of a mucoid bacterial polysaccharide. 102 
Hydrolysis of the acid polysaccharide from mucoid forms of streptococci 
(p. 217) is effected by enzymes of bacteria] as well as animal derivation. 103 

Enzymatic synthesis of polysaccharides has been described by 
Beyerinck and others, and recently a serologically reactive carbo- 
hydrate, the dextran of leuconostoc, has been obtained by the action 
of an enzyme contained in culture filtrates of the organism. 104 

The relation of bacteriophage activity to the serological specificity 
of bacterial polysaccharides was noticed by Burnet, and in experi- 
ments of Levine and Frisch (242) specific inhibition of the phage 
action by bacterial extracts, depending upon polysaccharides, could 
be demonstrated. Confirmatory results were then described by Gough 
and Burnet (243). White (244) described inhibition of the activity 
of certain phages by lipoid constituents of cholera vibrios. 

Transformation or bacterial types. — A discovery of far 
reaching importance was made by Griffith (245) who found that one 
type of pneumococcus can be converted permanently into another 
under the influence of substances contained in the latter. In the 
experiments of Griffith the change was brought about in the animal 
** Sickles and Shaw (135). Duboj (jjo). 

**K. Meyer el al. (238), Epstein et al. (239). 

K. Meyer et al. (240). 

*■* Ilehre cl al. (241). 
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body, but Dawson and Sia (246) succeeded in reproducing the phe- 
nomenon in vitro by growing R forms in the presence of a very small 
quantity of killed pneumococci of another type. A further step was 
made by AHoway (247) when he showed that the transformation can 
be induced with extracts of the cocci and that these can be purified 
by adsorption of inactive material to charcoal and precipitation with 
alcohol or acetone. The activity of the substance withstands heating 
for 10 minutes at 8o°, and sometimes 90°, but is destroyed by boiling 
and by enzymes which are liberated in autolysis of the cocci. These 
properties distinguish the specifically active substance from the type- 
specific polysaccharides which, moreover, are not capable of causing 
the transformation. 

The virulence for rabbits of a Pneumococcus III strain was not lost * 
by undergoing the sequence of transformations: S to avirulent R to S, 
the last change effected under the influence of killed, even avirulent, 
smooth type III strains; it follows that factors connected with 
virulence exist independently of the capsule in the smooth form. 105 

An apparently analogous transformation of a virus, namely tbe dunge 
of rabbit fibroma virus into that of myxomatosis has been described by 
Berry and Dedrick . 106 

The biological significance of Griffith's phenomenon lies in the 
initiation by certain substances of inheritable changes in unicellular 
organisms so that there is reproduced indefinitely in subsequent gen- 
erations the agent which induces the change, along with the type- 
specific polysaccharide, not previously present. This calls to min 
the effects of plant viruses, bacteriophages and filtrable tumor agents. 
AH these active principles are — under the control of living cells — - 
endowed like genes with the capacity for causing the reproduction 0 
their own kind, and have raised fundamental issues regarding e 
boundary between living and lifeless matter. 
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VII 


ANTIGEN-ANTIBODY REACTIONS 1 


Toxin neutralization. — The study, inaugurated by Ehrlich, of 
the quantitative relations in the neutralization of toxin by antitoxin 
was years ago the source of much controversy concerning the nature 
of antibody reafctions. His concept that toxin and antitoxin combine 
in effect irreversibly and in a fixed ratio met with difficulties. For on 
this assumption, if the quantity of diphtheria toxin which on sub- 
cutaneous injection kills a guinea pig of 250 gm. within 4 days is called 
a minimum lethal dose (M.L.D.) : if, further, an L 0 dose (L= limes) 
is defined as the greatest amount of toxin which is neutralized by one 
(arbitrary) unit of antitoxin, and an L + dose is defined as the small- 
est quantity which, mixed with one unit of antitoxin, kills a guinea pig: 
then the difference between L + and L 0 should be equal to one minimal 
lethal dose. Actually, quite a number of MX.D. must be added to 
the neutral mixture of toxin and one antitoxin unit to get the lethal 
effect. In general, equal fractions of a unit of antitoxin, added to an 
L 0 dose, neutralize successively diminishing quantities of toxin, and 
when the hemolytic power of mixtures, for instance of tetanus nemo- 
toxin and antitoxin, is plotted against the amount of antitoxin, smoo 
curves, resembling adsorption isotherms, are obtained. 


so Ehrlich was forced by his hypothesis to the supposition, 
erally abandoned, that the neutralizaticm curve comes from c P 


* For detailed information on physico-chemical aspects see tae i 7 m ietac 

reviews by Marrack (1), Heidelberger (a), Boyd (3) *kich Hmi.h (O (x45>» 
of in the presentation. See, also, Haurow \lz (4), 

Glenny (22) (toxin neutralization), von Dungern (6) (precipiUn rt3 


the comprehensive 
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ence in the toxins of constituents differing in toxicity and affinity for 
antitoxin. The competing “adsorption” theory of Bordet (7), em- 
bracing the whole of serology, set the quantitative relations down to 
combination in continuously varying proportions and by this criterion 
placed the serological reactions together with adsorption phenomena 
in a class distinct from ordinary chemical reactions. However, not 
only has the chemical character of serological specificity become more 
and more manifest, but failure to sort out definite proportions from 
the reactions of a complex system does not disprove the actual exist- 
ence of stoichiometric relations or provide evidence for the nature of 
the forces involved; and many instances of so-called adsorption have 
been recognized as due to chemical affinity, a point touched upon by 
Bordet himself. A third theory advocated by Arrhenius and Madsen 
( 3 ) approaches current ideas, but their assumptions are at variance 
with experimental results subsequently obtained. It conceives of toxin 
neutralization as a chemical reaction which, comparable to the neu- 
tralization of a weak acid by a weak base, leads to an equilibrium in 
accordance with the law of mass action. The equation derived by the 
authors fits observed numerical data but other equations can be 
offered that do about equally well. 3 At present the neutralization 
curve is explained like other antiprotein reactions (v. p. 256 and 
Table 34b) on the basis of combination in multiple proportions 3 

For the relation of the values obtained in antitoxin titration with the 
flocculation method of Ramon (p. 32) and by neutralization tests in ani- 
mals (general toxicity or skin reactions), the reader is referred to papers by 
Glenny, and others; * often the flocculation and neutralization values are 
not far apart.' Discrepancies in the combination with antitoxin, between 
toxin and toxoid are discussed by Glenny (15). 

The flocculation point has been found to correspond to the ratio of two 
molecules of antitoxin to one toxin molecule, i e less than the ratio of toxin 
to antitoxin at the antibody excess end of the equivalence zone. 5 The ques- 
tion is thereby raised how neutralization is effected and why such incom- 
pletely saturated toxin should be no longer toxic, possibly by combination 
of toxin with antitoxin the toxic groups are blocked even if they are not 
really the binding sites (Boyd). 

*v Boyd (3), Ghosh (9). 

(t°), (it); v. (12), (a). A dissenting opinion revising Ehrlich's theory was 
offered by O’Meara (tj) to the effect that the phenomena are accounted for by 


■•riments) ; Kekwick and Ret- 
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On aging, toxoid is formed from toxin -which leads to increasiag dis- 
crepancy between the L 0 and Lf doses, the latter representing the amount o! 
toxin equivalent by flocculation to one unit of antitoxin. 

Technical prescriptions for the standardization of antitoxin are given 
by Wadsworth (21), Glenny (22), and Boyd {3). 

Antitoxins produced in the rabbit are generally of much lower titer than 
horse antitoxins [v. Freund (22a)). 


Quantitative studies on precipitin reactions. — When serial 
tubes are set up tvith a constant amount of antiserum and increasing 
quantities of antigen, the amount of precipitate rises to a maximum, 
then, as a rule, falls off and finally vanishes (inhibition 2one), as 
soluble compounds of antibody with much antigen are formed.® The 
excess of antigen necessary for complete inhibition is different with 
various antigens and sera. Often the amount of precipitate is still 
increasing in the zone (equivalence zone) in which practically all 
antibody has combined and at best only traces are detectable in the 
supernatant solution, owing to the binding of more antigen to the 
precipitate. With certain immune sera a marked inhibition zone 
occurs also with an antibody excess, particularly noticeable in Ra- 
mon’s flocculation of diphtheria toxin by horse antitoxin, which takes 
place only within a very narrow range. This was taken to be an excep- 
tional case but Pappenheimer showed that a horse immune serum for 
egg-white behaves in the same manner as the antitoxin,’ and diph- 
theria rabbit antitoxin reacts like other antiprotein rabbit sera, i.e. 
Without inhibition by antibody excess. The peculiarity therefore 
appertains to antiprotein immune sera produced in the horse rat et 
than to the special antigen.® . 

Why the compounds containing much antigen are more often so ^ - 
ble than those rich in antibody — even when serum globulin, a pro w 
so close to antibodies, is used as antigen — is an interesting Q ues 
not definitely answered as yet. It has been attributed to gre # 
number of binding groups in antigens as compared with an 1 1 


‘Cf. ft). U may ue uui iu uu, * 

character of the antibody [Heidelberger et al. (26) j. 

*(Ot U); <pp- s 8 » mo). 


5 cl an- 
il. (t8). 


o influences the 
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which indeed is an ostensible reason for the unsymmetric shape of 
the reaction curve. Marrack suggests that when antibody is present 
in excess, hydrophile polar groups are occluded through the tight 
packing of the antibody molecules, whereas with an excess of antigen 
such blocking does not occur because of the smaller number of antigen 
molecules scattered on the surface of the complex. If this is the solu- 
tion, one must explain why there are sera that give an inhibition in 
the zone of antibody excess, which shows that special properties of 
the sera play a part, possibly the greater or lesser hydrophilic char- 
acter of the antibodies 10 or the mode of distribution of the binding 
sites [Pappenheimer et al. (18)]. 

As seen from Table 34, a and b, the composition of the precipitates 
varies with the proportions of the reactants. Molecular ratios are 
given which show that antigens are multivalent with regard to anti- 
bodies and that the antibody-antigen ratio is high with the large 
molecules of thyroglobulin and hemocyanin. It is in most cases about 
twice as high in the region of antibody excess as in the equivalence 
zone. From determinations of Malkiel and Boyd (28) the ratio in 
the zone of antigen excess is proportional to the amount of antiserum. 

Table 34a. — Ratio op Anticen to Antibody in Precipitates Formed in 
Equivalence Zone 


[after Marrack (1)) 


Approximate 



molecular weight 

1: xt 

Egg albumin 


8.6 -15 

Pseudoglobulm horse 

167000 

3-2 - 4 S 

Hemocyanin (Busycon) 

66S0000 

0 59 - 0 7 S 


On prolonged immunization higher antibody-antigen ratios and broadening of the 
equivalence zone were observed (v p. 144), tlleidelbergcr et al (27), Malta el and Boyd 


With heterologous systems lower antibody-antigen ratios were 
found than in homologous reactions and the combination may be 
markedly dissociable. 11 As an example, curves are given in the fol- 
lowing figure of the reactions of an azoovalbumin antiserum with the 
homologous antigen (I), the unchanged ovalbumin (II), and of anti- 
ovalbumin serum with ovalbumin (III). The relations, however, differ 
with various cross reacting systems. Infrequently heterologous an- 

** Brown; Boyd (jo). 

“Ileiddberger ct al. (30), Hooker and Boyd (jr). 
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tigens are found that give more precipitate than the homologous, 12 
presumably because of greater predpitability of the former. 

In the case of azoproteins the number of antibody molecules bound 
increases with the number of haptenic groups, as would be expected, 
each group combining with one antibody molecule; but above a limit 
which is probably imposed by steric'hindrance, progressively less of 
the added hapten groups are occupied [Haurowitz (34)3. An anal- 



Quantitative relations between an R-salt-aw-bemidine-azoovalbumin immune 
. . 1 .1 . - •*— (ij) unaltered ovalbumin, and 

. * • ..1 rhe special type of heterologous 

: ■ ■ 1 ■ ■ • . ■ >ciation of the antigen-antibody 

ogous condition was seen in the precipitation of iodoproteins, except 
that only a few of the iodized groups, in Haurowitz' opinion those on 
the surface of the molecule, reacted with antibodies (35). 

The ratio of antigen and antibody in specific precipitates is easily de- 
termined In the case of antigens with "tracers” such as lodoprotein, hemo- 
globin, hemocyanin, or arsenic-containing azoprotein* which can be quanti- 
tatively estimated in the presence of other proteins, and simply by nitrogen 
analysis with precipitates of nitrogen-free polysaccnarides. With ordinary 
protein antigens, if an excess of antigen is used, the amount of antigen 
« ■ •»••*--» * .r**- -*■ • * -■ -cipitin tests with 

• ■ "the total added, 

■ • ■■ ■ ■ ■ analyses the pre- 

cipitates are washed with cold saline, which is feasible on account of their 
“ KlecrkowsU (3a), Jleideiberger et al. (*3). 

** Heidelberget and Kendall <36); v. <tSi. For microdelenninxtfou of poly* 
saccharides by precipitin reactions tee (36a). A quantitative study of pnage- 
tntiphage reactions was made by Hershey, Kalmanson and Bronfenbrenner (36b). 
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mostly negligible solubility (or dissociation) amounting, for morale at 
low temperature to about 0.005 mg, in 1 ml. saline lor an ovalbumin pre- 
cipitate. Naturally, the solubility or dissociation trill vary with the nature 
and composition of the precipitate and the temperature; 18 certain precipi- 
tates were seen to go into solution ort warming, or were formed only at a 
temperature near o V* 

Other proteins than those involved in the specific combination may 
influence the course of serum reactions but are not carried down in 
precipitates to an appreciable extent, as shown repeatedly. 17 The 
values for the lipid content 18 of precipitates were found to vary 
greatly with different precipitating systems, from less than r% in 
d/phtheria toxin precipitates and 2-8% in those of hemoglobin to 
large percentages in precipitates obtained with anti-pneumococcus 
sera if but small quantities of antigen are used (47). Lipids play a 
part in the flocculation since, as Hartley ( 48 ) demonstrated, protein 
antigens and antibodies do combine (and the mixture may become 
opalescent) but no precipitate is formed when both have been ex- 
tracted with ether; the immunizing power of proteins is not impaired 
by the extraction. 19 The observation of Horsfall and Goodner, that 
the precipitating and agglutinating activity of pneumococcus sera 
after extraction with organic solvents could be restituted by smalt 
quantities of lipids, is noteworthy — particularly, that horse sera 
were restored by "lecithin," rabbit sera by "cephalin." Antibodies 
from other animals fell into the one or the other class, and various 
immunological differences were found between the two categories 
(concerning the behavior in complement fixation, passive sensitiza- 
tion, protective capacity, prozones* molecular weight, etc.). 9 

A cgluti nation. — The union of agglutinins and lysins with cells 
was examined quantitatively by estimating the amount of free anti- 


J ‘ High salt concentrations and major changes in pH interfere with 
reaction {38). Oo'>- Detailed data or. the influence of pH and salt 
on the combination of antigen and antibody and on flocculation unde 
conditions are given in (1), (3), (392)- According to Duncan (39 b ) 
of bacterial agglutinins is lessened below a certain salt optimum. Fo 
of precipitation by "lyotropic" anions (salicylate) v ( 39 c )- 

"Mawsek and* Smith (43), Haurowhz and Birin! ( 44 ). ^ eiber ff fl 3 Q ^ 
Kendall (45) ; v. (r). At low temperature antibodies were seen 
specifically adsorbed to precipitates (Goodner et al. ( 4 S a ) 3 - 

”(46X(r>- 

- Horsfall, Goodner, MacLeod (45), (4?); »• (S»)- 
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body in tie supernatant fluid after removing the cells by centrifuga- 
tion, in the early work of Eisenberg and Volk, and by other investi- 
gators. 11 In this way it was established that a very much greater 
amouht of agglutinin or lysin is more or less firmly fixed by cells than 
that necessary for agglutination. Furthermore, it can be calculated 
. that quantities of agglutinins much too small to cover the surface of 
the cells suffice for agglutination, 22 and in an experiment by Jones 
(54) collodion particles which were successively treated with five 
different antigens could be agglutinated by any of the corresponding 
antisera although evidently each antigen occupied but a part of the 
surface. 21 Conformable inference was drawn from experiments on 
the agglutination by an anti-azoprotein serum of erythrocytes coupled 
with diazonium compounds, 24 and from the quantitative relations 
obtaining in the flocculation reactions of lipid particles. 25 

By nitrogen determination Heidelberger and Kabat (58) found 
that pneumococci bound up to more than 1 mg. antibody N per mg N 
in the bacteria. An increase in the volume of bacteria upon agglu- 
tination of 30 to 65% on the average, was reported by Jones and 
Little (59) ; of this only a fraction can be attributed to attached 
antibody. 

The ratio of absorbed to free agglutinins at varied antibody con- 
centrations (Table 35) fits at least within a certain range Freundlich’s 

adsorption equation (~=kc ,/n ) 28 which, however, does not warrant 

conclusions to be drawn on the nature of the reaction. The “equilib- 
rium” reached is generally shifted by an increase in temperature in 
the direction of diminished absorption. 

' Some sera show an inhibition zone (“prozone"), and frequently 
agglutination is slowed down at high agglutinin concentrations. This 
phenomenon was found to be well-marked with some heated immune 
sera and was attributed to modified agglutinins — agglutinoids — 
that are capable of combining but do not cause dumping, or to coat- 
ing of the cells with non-specific proteins or other substances.” 



“Eagle (57); v. (57a). 

x*the amount absorbed, c«*tbe amount in the supernatant solution, m*>the 
quantity of adsorbent, k and n constants. 

'V. (1), (si). (60-64), (5*). 
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Rate or reaction. 211 — Binding of antibodies, as a rule, proceeds 
fast - and in several experiments was found to be accomplished, for 
the most part, in less than a minute, or within not more than 15 min- 
utes at the outside; “ from experiments of Mayer and Heidelberger “ 
with polysaccharide antisera it is concluded that the reactions went 


Table 35. — Absorption or Antityphoid Horse Serum by a Constant 
Amount of Bacilli 


Serum dilutioh 

Agglutinin 

units 

Units 

absorbed 

Percentage 

absorption 

1 0000 

5 

3 

JOQ 

1000 

20 

20 

' 100 

500 

40 

40 

100 

300 

67 

67 

100 

100 

200 

1 80 

90 

5 ° 

400 

340 

85 

10 

2000 

1500 

75 

2 

XOOOO 

6500 

65 

X 

20000 

XI 000 1 

55 


One unit of agglutinin is here taken as tbe smallest amount of serum still giving 
definite agglutination. 


to 90% completion in less than three seconds at o°. The second stage, 
the clumping of cells or formation of precipitates, is a slower process 
— « markedly so in the Ramon flocculation — and may require hours 
to reach a maximum although with sera of good potency precipitation 
starts immediately after mixing. By centrifuging, agglutination is 
greatly hastened and this procedure, when applied to red cells (a 
routine often used in blood group determination), proves again the 
rapidity of the primary combination since the whole manipulation 
. takes but a few minutes. 

The time required for the formation of precipitates, and for agglu- 
tination and lysis, has been studied under varied experimental con* 
ditions. 8 ' The rate is influenced by the concentration of reacting 
substances and by the environment, such as salt content, pH, presence 
of other proteins and non-electrolytes. Clearly, higher concentrations 
will increase the number of collisions between molecules and parti es 


"v. (1). For theoretical deductions see Hershey (65). , 

* This is easily demonstrated with particulate antigens which can oe sp^ 
separated by centrifuging. 

"(S*), ( 37 ); v. (66), (67). 

“ (68); v. (27). 

“v.< 7 o),< 7 1 ). 
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capable of combining, and thus in general also the velocity of floccu- 
lation. As Hooker and Boyd found (69), the rate of agglomeration, 
in a zone of considerable antibody excess, is proportional to the con- 
centration of antigen, in accordance with Smoluchowski’s theory of 
the flocculation of colloids. The velocity of flocculation is increased 
by stirring and by a rise in temperature up to the limit where the 
active substances are deteriorating. However, higher temperature 
generally favours dissociation of the antibody combination and in 
cases in which dissociation (or solubility) is greatly enhanced the 
acceleration by warming may be overbalanced. 

Mention has been made, in connection with the titration method 
of Dean and Webb (p. 15), of the dependence of the flocculation 
rate on the proportions of the reactants. Theoretical considerations 
have centered around this topic and especially the unanticipated fact 
that the proportion at which flocculation proceeds most rapidly is not 
the same when antibody is kept constant and antigen is added in 
different quantities, as it is when one uses varying amounts of anti- 
body and a constant amount of antigen (so-called a and /9 procedures 
where, of course, not the same tubes are compared). 83 The /3 (con- 
stant-antigen) optimum is always shifted in the direction of increas- 
ing antibody. Referring for a detailed discussion to the writings of 
Toplcy, Marrack, Boyd, 31 it may here be said that the discrepancy 
between the a- and /3-series seems to be related to differences in 
solubility of the compounds containing a large proportion of anti- 
bodies. In fact, in the Ramon titration of diphtheria-antitoxin — 
performed with the /3-proccdurc — precipitation is prevented also 
by an antibody excess (p. 242) and, concurrently, there is generally 
approximate correspondence between the a- and ^-optima. 

Boyd, in a thorough reinvestigation of the question of flocculation 
optima, with twenty antisera, arrived at a distinction of roughly two 
types: H sera, represented by diphtheria antitoxin and other horse 
antipiotein sera, and R sera — most of the rabbit antisera. The 
former show optima with both the o and /3 technique; the latter give 
an a optimum but no consistent /3 optimum with varied antigen con- 
centrations. The formation of soluble complexes with sera of the 
H anti-protein type in the zone of antibody excess is reasonably at- 
tributed to the greater solubility of the H antibodies (v. p. 242). 

*v. Ramon (72), Miles; Taylor. Adair and Adair (17), Brown (73). On 
optima In arslutination v. Duncan (41), Miles (74). 
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Firmness of combination. —Total or partial reversibility of 
serological reactions is evidenced in the recovery of antibodies (p. 
137) from precipitates and agglutinated cells by various means, as 
warming or high salt concentrations — most readily from complexes 
rich in antibody — and by the possibility of liberating unchanged 
antigen (e.g. diphtheria toxin) from the combination with antibody 
by dilution, heating, acids, etc. 35 A conspicuous demonstration of 
reversibility is the following. Red cells are charged with hemolysin 
in excess and separated from the solution; when new erythrocytes 
are added to a suspension of the sensitized cells and later, after 
incubation, complement, all the cells will be hemolyzed. 30 In' the 
degree of dissociation of the antigen-antibody complex there are wide 
differences, as is seen in the behaviour of hemagglutinins. ‘ Thus red 
cells agglutinated by normal sera commonly release much agglutinin 
upon being warmed to 50-60° while agglutinins of immune sera are 
much more firmly bound; 37 and when red cells are agglutinated, in _ 
the cold, by serum of the same animal (p. 85) the clumps disperse 
even at room temperature and the agglutinin i§ set free. 38 Differences 
depending on greater or lesser affinity (avidity) of antibodies were 
further noted in the speed of flocculation by predpitins, and diph- 
theria antitoxins were found to vary in reversibility, therapeutic effect 
and the ratio of flocculation and neutralization titer. 39 Of interest in 
this connection are observations by Woolf (86) on the reactions, with 
a pneumococcus antiserum, of the homologous' pneumococcus poly- 
saccharide and of cherry gum. There was a parallelism, depending 
on the difference in affinity, between the amount of precipitate, the 
speed of its formation and the concentration of hapten (sodium 
euxanthate) required for inhibition, which was much higher in the 
case of the homologous pneumococcus polysaccharide.' 10 


** Madsen et al. (76), Morgenroth (77), Otto and Sachs (78), Glenn/ et sL 
(79), Morris (80) , Hartley (81). 

In experiments of Hooker 

the equilibrium attained in the combination of antitoxin ° r ant“> erature 
the corresponding intigens was practically not affected by changes in P 
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The presence of both antigen and antibody in the supernatant fluids of 
precipitates in the equivalence zone, detected at times by adding more of 
the rcactantsj may be caused, apart from dissociation or solubility of pre- 
cipitates, by imperfect homogeneity of antigen and antibody. 41 

Although from the facts above one must, theoretically, suppose 
dissociation to occur always to some extent, it is often inappreciable 
under ordinary conditions. 42 A recognized instance is the long known 
Danysz effect which is seen when to a certain amount of diphtheria 
or tetanus antitoxin a suitable (equivalent) amount of toxin is added 
at once and, in a parallel test, in fractions at intervals of say 15 min- 
utes; rather unexpectedly the two mixtures behave differently, the 
first being neutral, the second toxic. 45 Apparently the reaction is not 
easily reversible, and in the second experiment a complex is -formed 
initially with a higher proportion of antitoxin than necessary for 
neutralization which, perhaps after a secondary change (maybe 
agglomeration), 4 * does not react readily with a new portion of toxin. 
That there is some degree of reversibility may be indicated by experi- 
ments of Healey and Finfield (12). 

Evidence for a firm combination is the considerable heat evolution, 
determined calorimetrically by Boyd et al., 45 in the reaction of an 
antihemocyanin scrum. In order to exclude any heat produced by 
the formation of a precipitate, it was measured in the zone of antigen 
excess and amounted to 40000 calories per mol antibody. 

. Secondary changes of antibodies which tend to reduce the reversi- 
bility of antigen-antibody compounds were described by Otto and 
Sachs, Krogh, and others; 40 however, inamuch as both components 
may be recoverable in active form from the combination, this cannot 
be an intrinsic feature of the antigen-antibody reaction. 47 As regards 
the solubility of precipitates in an antigen excess, no reduction of 
reversibility with time was observed by Boyd who found that (oval- 
bumin) precipitates were not less soluble, after storage for 10 months 
>(87),(0. 

v. Burnet (83). Martin and Cherry (89) were unable to recover active snake 
• / r ¥ n l ^ e nature with antitoxin even by heating to a temperature at which 
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at low temperature, than originally” and, conversely, soluble mix- 
tures of antibody with an excess ot antigen give precipitates on 
addition of more antibody even after tflong time. Also the solubility 
of precipitates was found by Woolf not to be appreciably diminished 
on standing for 24 hours. 0 

/r Stages of antibody reaction. —I n serological reactions two 
stages have been distinguished since Bordet (qg) found that after 
fixation of lysfns to cells addition of complement is necessary to bring 
about dissolution and that, although agglutinins combine with bac- 
teria in salt- free solutions, clumping docs not occur unless electrolytes 
arc present. The first stage, then, is the specific union between anti- 
bodies and the substrate, and this is followed by secondary, visible 
changes, such as flocculation or lysis — except in the case of many 
haptens where no second stage ensues and the union with antibodies 
is demonstrable by inhibition tests only. 

The effect of electrolytes (cations) on bacteria impregnated with 
agglutinins ™ (polyvalent cations having greater effect) at once 
brought to mind the precipitation of colloidal solutions and hne sus- 
pensions by salts and, with Bordet, most investigators looked upon 
the second stage^of agglutination and precipitation as analogous to 
this familiar phenomenon. A physico-chemical interpretation was 
given by Northrop and dc Kruif who from studies on bacterial agglu- 
tination concluded that the stability of bacterial suspensions is the 
resultant of opposing forces, the cohesion of the bacteria, measurable 
by the force needed to pull apart cover slips coated with bacteria 
and, on the other hand, the attraction for water and a repulsive force 
deoendinc on the charge of the cells. Upon treatment with agglu- 
. . . .. . bacteria 

■ , . ■ .. 1 ' ' , and the 

cohesive force is enhanced, the bacteria getting icw «>u:<,philic and 
susceptible to agglomeration by small concentrations of elec ro 
lyfes” . 

More recently the theory has been put forward that specific forces 
intervene in the second stage of precipitation and agglutma ion a , 


"Boyd (98). 


solubility are difficult to judge t»- 
h impedes the interaction. 


“A weak effect of agglutinins nay Asdf mdej jS^fSctcriai ag- 
evenness in the distribution of red cells. Cf. (99a) (observe 
glulination in cinematographic pictures). . , , 

“Northrop et at. (100), (101); v. (r), (roj-ic*), K7Sh 
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in the opinion of some authors, these are sufficient to account for the 
formation of large insoluble aggregates. As Topley and his col- 
leagues showed, when a suspension made of two sorts of bacteria 
was acted upon by a mixture of the corresponding agglutinins, two 
sorts of clumps were formed, each composed of one bacterial species 
only (105). This result supports Marrack’s theory (1) which is 
upheld by Heidelberger (2) that owing to the specific forces during 
the second stage of agglutination and precipitation a lattice is formed 
consisting, in the words of Topley, of “masses of antigen and anti- 
body molecules bound together by specific linkages, any one antigen 
molecule within the mass being united to two or more molecules of 
antibody, any one molecule of antibody to two or more molecules of 
antigen. . . 

In similar experiments 53 mixed clumps, contrary to Topley’s re- 
sult, were obtained by Abramson, and by Hooker and Boyd but, 
again, homogeneous ones were seen by Wiener and Herman who 
used a suspension containing pneumococci of type I and human red 
cells and a mixture of the corresponding immune sera (or erythro- 
cytes and a “Wassermann antigen”)* Remarkably, pneumococci of 
type XIV and human red cells gave mixed aggregates upon addition 
of immune serum for Pneumococcus type XIV which is in good ac- 
cord with the lattice 84 idea since this serum gives cross agglutination 
with human erythrocytes. 53 This experiment would eliminate the 
objection that the formation of homogeneous aggregates is due only 
to a specific attraction between like bacilli. The case for the older 
theory, experimental and theoretical, was stated by Hooker and 
Boyd co and, as Marrack (n6) remarks, “the observations that floc- 
culation does not take place in the absence of salt, although antibody 
combines with antigen" are obvious arguments for the intervention 
of non-specific factors in the flocculation phase. 57 Toplcy’s result, 


“(io6),(iq 7 ),( io s). 

„ ns . su £E« l s instead the name “framework theory” on account of the 


wueu agglutination. 


n ( I0 7). (109-m), (3); v. the reply offered by Heidelberger (2) and by 
v. 1 ??' ant * track's discussion (1) 
k.1. Heidelberger (j) (discussion of the salt effect). 

. j \ a Pclutinated cells and precipitates may stick to the walls of test 
uoes and that senjitired cells tend to adhere to leucocytes or to platelets (113). 

V Possibly be caused, in keeping with the lattice theory, by antibody 
absorbed to the glass surface, and perhaps on cells. 
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on the other hand, is strong evidence for the lattice theory,' An ex- 
periment with pneumococci combined with a large amount of anti- 
body was given as proof by Heidelberger: Reagglutination into larger 
clumps occurred promptly when either fresh pneumococci or the 
corresponding polysaccharide were added to the washed and evenly 
resuspended cells; and as further evidence the agglutination of cells 
by quantities of antibody that can cover only a very small part of 
their surface and cannot change appreciably the surface properties 
has been offered. 68 Putting all arguments together, it may well be > 
that both specific and non-specific forces are operative in the second 
stage of agglutination and precipitation.' 9 

If the presence in a substance of at least two binding groups were 
a sufficient condition for precipitation by antibodies, as has been 
postulated for the lattice theory, then haptens even of small mo- 
lecular size should invariably precipitate with immune sera. Experi- 
ments to test this proposition were made with numerous compounds, 
chiefly azodyes. Pauling and his coworkers 60 examined compounds ^ 
containing arsonic acid groups and found that all those possessing two * 
or more such haptenic groups were precipitable by immune sera 
for antigens containing the phenylarsonic acid group. Hooker and 
Boyd, 01 however, found a number of compounds, including sub- 
stances other than azodyes (biphenyl-p-p'-dicarboxylic acid, p-p'- 
dicarboxylazobenzene), that were not precipitable although possess- 
ing two or more reactive groups; 02 in particular none of those con- 
taining carboxyl gave (with weak sera) a positive result. And we 
may recall that azoproteins possessing only few combining sites were 
found not to be precipitable (p. 160). Other probably pertinent in- 
stances are conjugated deuteroproteoses (i 19) that were not precipi- 
tated under the same conditions that azoproteins were, and unaltered 
proteoses that do not give precipitin reactions with the corresponding 
anti-protein sera. Hence, from the available evidence, the presence 
of two or more binding groups alone appears not to be sumcien or 
"precipitability; that it is a necessary condition is suggested by t e 

“Pressman et al. (56) (experiments with azo-erythrocytes). 

"v. (115), (116). 

“Pauling, Campbell and Pressman (117). 

“ Some of 1 the results with arsenic compounds were contradicted by Pauling 

and his collaborators (117). cwnmurire of solutions 

Hooker and Boyd (ro 9 ) were unable to demonstrate birefm,genc ot s ^ ^ 
containing divalent haptens and the corresponding antibodies, as S 
‘pected from the lattice theory. 
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fact that no precipitation took place, in the tests of either group of , 
workers, with any substance having only a single binding group. 

It must be considered, in judging the above experiments, that the 
precipitin reactions of azodyes vary considerably in 'strength, and m 
the cases examined are in general much weaker than those of proteins 
grid polysaccharides, or of the particular azodyes with which the 
phenomenon was originally observed. In the author’s study precipi- 
tation with azodyes made from resorcinol and tartranilic or arsanilic 
acids took place very slowly and was feeble in comparison to the 
strongly and immediately precipitating dyes. Evidently, the 'degree 
of precipitability depends on peculiarities in chemical structure; 
what these are is not well enough known to predict the outcome in 
every instance. It is supposed that precipitability is influenced by 
several factors, the greater or lesser correspondence in structure of 
the hapten to the antibody-producing groups, the blocking of solu- 
bilizing groups through mutual neutralization of the reactants, fa- 
vouring precipitation, and the spacing of the reacting groups in the 
hapten which controls the extent of steric hindrance “exerted by one 
antibody molecule on another” (Boyd, Pauling). From everyday 
serological experience — i.e. the contrast between proteins or col- 
loidal polysaccharides, and their split products 83 — one may think 
that the molecular or particle size is a material factor, and it would 
be desirable to determine whether or not precipitable azodyes are 
aggregated in solution. 

To explain the hydrophobic property of specific precipitates there has 
been suggested an alteration of antibodies, similar to denaturation, after 
union with antigen, M yet this view is not sustained by actual evidence (i)„ 
One has assumed instead a decrease in affinity for water, due to occlusion 
of polar groups and dehydration of the antigen (Reiner, Marrack). This 
concept was proposed by Reiner from model experiments with tannic acid 

In considering the conditions for precipitation, the dependence on lipids 
associated with the antibody globulin and on electrolytes should also be 
remembered. 


J. n ,';!L Wllh .' he Iatlice theory ’ ttl ' of immune sera that 

react with antigens (and inhibit the precipitation by more notenl 
ant, sera) but do not precipitate them" has been hypo, XaUy e* 
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In view of the similarity in quantitative relations between specific and 
non-specific reactions (e.g., precipitation of serum proteins by isamine 
blue?,” it is suggested by Marracfc (116) that the investigation of rein, 
tively simple non-specific systems may be a means for elucidating the 
problem of antigen-antibody reactions; and, apart from questions of sped- 
ncily, there is much to favor the idea. 


A theory put forward by Kendall (127) through different reason- 
ing and avoidance of some assumptions of the original theory of 
Heidelberger and Kendall — which the authors felt to be oversim- 
plified — arrived, for bivalent antibodies, at the same equation as 
above. The following of his postulates should be stated. “Both 
antigen and antibody may be multivalent with respect to each other 
♦ . . reactive groups upon a given molecule may all have the same 
specificity or they may be different.” "The maximum number of 
molecules of antibody bound by one antigen molecule may be deter- 
mined by the number of reacting groups upon the antigen, or it may' 
be limited by steric factors ” "The reactivity of an antigen or anti- 
body group upon the surface of a precipitate is the same as the re- 
activity of the same group on the surface of a molecule in solution.” 
The equilibria are established "between the free and combined an- 
tigen and antibody groups in the system” and "between reactive 
groups upon the surface of precipitates and the molecules in solu- 
tion.” Kendall concludes that the equation is valid for homogeneous 
antibodies. 


Another formulation derived by Hersbcy (128), based upon kinetic con- 
siderations, expresses the equilibrium in the precipitin reaction between 
multivalent antigens and antibodies in terms of the valence, the initw 
molar concentration oF the reactants, and the dissociation constant 0 C e 
“specific valence," regarded as the mam characteristic of individual im- 
mune sera. The theory was found to be compatible with experimental resu 
and presumptive evidence for the valence of antibodies. 


The specific precipitation of azodyes (and some other simple com 
pounds) and the inhibition of these reactions by univalent haptens 
has received theoretical treatment by Pauling et al. ( I2 9 )> ! 
periments dealing also with the influence of dilution and of y o 
ion concentration showed that with predpitable haptens * 
antibody-antigen ratio (somewhat less than unity) remained constant 


Dean (12&). 
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throughout the reaction range, in compatibility with assumptions on 
the effective valence of the dyes and bivalence of antibodies. 

In work with arsanilic add immune serum and an heterologous arsanilic 
acid azoprotein, to avoid reactions depending on the protein moiety of the 
antigen, Haurowitz (34, 4) obtained precipitates of constant composition 
•which led him to the opinion that the varying composition of precipitates 
is in general an effect produced by antibodies of different combining prop- 
erties. In similar experiments of the same author on iodoprotems, however, 
the outcome was different, and it is questionable whether his interpretation 
is generally applicable (35). 

It was brought out byHooker and Boyd 72 that the ratio, by weight, 
of antigen to antibody in precipitates in the equivalence zone dimin- 
ishes with increasing molecular weight of the antigen. As an inter- 
pretation, the authors assumed that in this range the antigen may be 
just covered by spherical antibody units of molecular weight of 35*000 
corresponding to “Svedberg units," ” or by long, flexible ellipsoids, 
and, applying spherical trigonometry, deduced an equation expressing 
the antibody-antigen ratio as a function of the molecular weight of 
the antigen. While the postulate that in the equivalence zone the 
antigen molecules arc always completely covered may not be ac- 
curate u and the flexibility of antibody molecules may be less than 
supposed, the ratios obtained with various precipitating systems 
obey the relation fairly well in the majority of cases 75 and, at any 
rate, show unquestionably the influence of the molecular weight of 
the antigen. Haurowitz, and Marrack,™ who used immune sera for 
arsanilic acid azoprotein, found that the ratio in question depends 
also on the number of combining groups in the antigen, the amount 
of antibody equivalent to a certain quantity of antigen being greater 
the higher the As-content. 

from their model Hooker and Boyd calculate a thickness of 
about 40 A for the antibody layer coating an antigen molecule, and 

. , V. (so), (3); (131) (differences in the ratios observed with spherical 
virus and rod -like tobacco mosaic virus) , (132). 

ul* ” U ^- r w ®*t>bts °f proteins were found by Svedberg with the method 

of 1 ■ , 

yw.jt- S.IIIIUI ICSUltS. 

(34), (r). 
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this would imply that antibodies do not form a thin extended film on 
the antigen, as has been suggested. The latter assumption is con* 
tradicted by the experimental fact that precipitates may contain a 
quantity of antibody too great to form simply an extended film 
(about 10 A) on the antigen. 77 By electron microscopy of precipi* 
tates of tobacco mosaic virus, Anderson and Stanley (135) arrived 
at the figure of about 225 A for the thickness of the coating antibody 
layer 78 which is in fair agreement with the dimensions of antibodies 
calculated by Neurath. Anderson and Stanley suggest from their 
measurements that the antibody molecules are arranged around the 
antigen molecule with the long axis perpendicular to its surface, as 
was deduced by Boyd and Hooker (137), and Marrack (116), from 
the number of antibody molecules that, at antibody excess, can be 
placed without deformation about an antigen molecule. Observations 
with the electron microscope on antibacterial sera yielded much 
lower values. 70 The discrepancy may find an explanation if the anti' 
body molecules are oriented in different ways, according to the con* 
centration applied — either patchy, or as a complete layer with the 
long axis parallel to the surface, or endwise at high concentrations. 

Values of the order computed by Hooker and Boyd for the equiva' 
lence zone were obtained with antibody layers fixed to expanded 


antigen films. 80 

The mode of combination of antigens with antibodies.— 
While the investigations on the serological behaviour of substances 
(or groupings) of known constitution have provided data which were 
a prerequisite for correlating serological specificity and chemical 
structure, no finished theory of antibody reactions has yet been at- 
tained that is comparable to those that cover and make it possible to 
formulate the reactions of organic chemistry. This is not too surpris- 
ing in view of the fact that even the theory of organic molecular 
compounds is not perfected, and there is the additional difficulty witn 
immunological reactions that the chemical structures responsible tor 


'*Muda auu fliiueijuu . . _ . . 

“Rotten and Landsteiner (139)* (P- 57 ) » v - Hafluns ei d». 
et al. (141); (xx 6 )- 
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the specificity of one of the reactants — the antibodies — are still 
unknown. 

Although the highly specific adjustment that antibodies exhibit is, 
likely enough, due to the peculiar chemical nature and complex or- 
ganization of the protein molecule with its variety of reactive struc- 
tures, it was natural, as an indirect approach to the problem, to look 
for phenomena that to some extent resemble in specificity those of 
serology. In experiments along this line by Schulman and Rideal 
(142 ), chiefly with monolayers, the association of different molecules 
was seen to depend on attraction, selective in some measure, between 
the polar and between the non-polar parts of the substances. The 
specificity of the forces that hold molecules in a crystal lattice, and 
cases of specific adsorption on the surface of crystals, were adduced 
by Marrack (1). Methylene blue is adsorbed by diamond and not 
by graphite, succinic acid in the opposite way, although the two ad- 
sorbents are chemically alike and are different solely as regards the 
spacing of the carbon atoms; and likewise dependent on spatial 
configuration is the adsorption by potash alum of only one of two 
isomeric azodyes differing in the position of the substituents in the 
naphthalene ring. A number of similar observations have been re- 
corded in papers by France in which it is shown that the adsorption 
of azodyes on to inorganic crystals is affected, for example, by re- 
placement of OH by NH- or by the position of substituents in the 
benzene ring. 81 In the formation of molecular compounds 82 specific 
relationships arc not seldom encountered, salient cases being the reac- 

1 I 

tions of Cu, Fc, Tl, Ni, Co, with certain groups (OII 4 -C-C=NOH 

with Cu, — CO— CH 3 — CO — with Tl, etc.) in organic substances. 8 * 
Of interest for our question, because they deal with amino acids, are 
observations of Bcrgmann (150) and others, e.g, the formation of 
insoluble salts of glycine with potassium trioxalatochromiatc or 
nitranilic acid, the precipitation of proline and some peptides by 
rhodanilic acid. 

These and other examples of reactions, specific to a certain degree, 

" («4j). On the significance of the corresponding spacing of Nit, groups and 
Cl ions lor the adsorption of urea on crystals of ammonium halides v. (144), 
( 145 )- 

*On selective reactions between organic molecules cf. Pfeiffer (146) E\i- 
dence concerning the influence of polar groups on the specificity of intermolecular 
reactions is offered in studies cf Labes (147). * v. (148), (149). 
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would indicate that the reactions underlying the combination of anti- 
bodies are not altogether unique, which seems probable of itself. 
However, the analogies available at present do not suffice to form 
more than a vague picture of the determinant structures in antibodies 
that could account for the, most-striking experience in the field of 
serology the virtual existence of specific reagents for, one might 
almost say, any organic substance, whether simple or highly com- 
plex or to suggest the possibility of discovering synthetic reagents 
which, like precipitins, would generally distinguish closely related 
proteins. 

As regards the affinities involved, one may say that in velocity and 
reversibility antibody reactions for the most par t differ from those 
due to primary valences, and a decisive argument against the assump- 
tion of ' ‘ 1 ■ '* 

study . ■ ■ . ! 1 ‘ • 

stance ■, ;■ ^ : 

regardless of their chemical character. These investigations afforded 
further definite information on the specificity and nature of antibody 
reactions by establishing the significance of polar groups, and the 
effect of spatial structure as shown in the reactions of substituted 
benzene compounds and unequivocally by the differentiation of 
stereoisomeric substances. Evidently, since compounds identical in 
chemical constitution, except for the interchange of two atoms or 
groups on one asymmetric carbon atom (phenylaminoacetic acid, 
tartaric acid, sugars) , are serologically distinct, antibodies must be 
adjusted to the steric configuration of the determinant structures in 
the antigen. ^ .... 

The precise nature of the forces involved in serum reactions is still 
open to discussion, but it is supposed 8t that the union between an- 
tigen and antibody is brought about chiefly through electrically 
charged acid or basic groups, van der Waals forces and interaction 
between polar groups (or polar groups and ions) in which, as Paul- 
ing emphasizes, hydrogen bonding presumably plays an importan 
part. The assumption is further made that the reacting groups tn J * 
antigen or hapten have counterparts in complementary groups on t e 
surface of the antibody, and that firm compounds can be s forme*, 
even if the single bonds are weak, through the participation o 


:rmo!ecuIar forces v. (Chapter 
* 53 )* 
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number of combining groups. Hence with haptens of low molecular 
weight without strongly active groups the forces may be insufficient 
to bring about demonstrable combination despite the presence of 
specific determinants, as in the case of simple sugars and peptides. 

In the field of enzyme reactions, which to all appearances are related to 
scrum reactions with regard to the affinities concerned, Bergmann et al. 


That there may be interaction of acid and basic groups, e.g. COOH 
(or phenolic groups) in the antigen and NH 2 in the antibody is sug- 
gested by the predominant influence of acid groups in conjugated 
antigens and the change in specificity through esterification 80 of 
proteins, or of hapten groups in conjugated antigens. Oi equal evi- 
dential weight are the cross reactions of pneumococcus immune sera 
with azoproteins containing quite different acid determinants (p. 
175). And, while experiments by Michaclis and Davidsohn, and de 
Kruif and Northrop (158) contradict the assumption that the com- 
bination of antibody and antigen (both having a negative charge 
under common conditions) is caused by opposite electric charges of 
the molecules, they do not preclude that among the combining struc- 
tures involved there are acid and basic groups reacting with each 
other. 87 

Chow and Goebel offered as evidence the fact that the precipitating 
capacity of antibodies for a strongly acid polysaccharide is (reversibly) 
inactivated \shcn their amino groups arc blocked by treatment with for- 
maldehyde or kelcnc (159). This argument is questionable, however, be- 
cause of the observation that the activity of antibodies for an azoprotcin 
made from aminoanlipyrinc, which does not possess any acid binding 
groups, was likewise destroyed by formaldehyde (164). 


Positive evidence for the participation of acid groups is afforded 
by the simplest instances which have so far been examined, namely 
the specific inhibition of azoprotein antisera by compounds like 


"On the specificity of enzyme reactions v. C*S 5 >. (tSS*); Bergmann and 
Fruton (156). Mamet (is6a) (com pirn the specificity of carbohydrates and 
antibodies to carbohydrates) 

"The combining capacity of blood stromata was seen to be abolished or 
greatly diminished by treatment with aod alcohol in tests with serum agglu- 
tinins (l$7). 

” (*S 9 ); v (*6o>. Data on the influence of hydrogen ion concentration on 
mtibbdy union and flocculation are provided in (161-163), (73), (35), (j). 
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benzoic, benzenesuHonic, phenykrsenic, succinic acids (p. 186). It 
is difficult to arrive at any other conclusion than that in these reac- 
tions acid groups, COOH, S 0 3 H, A5O3H2, are of chief importance 
for the union since in the inhibition of aminobenzoic acid sera benzoic 
acid can be replaced to some extent by certain fatty acids, and the 
sera for aminophenylarsenic add react not only with various sub- 
stituted phenylarsenic acids but also, weakly, with arsenic acid. For 
all these reactions only small combining groups in the antibodies 
would seem to be required, yet these are in all probability commonly 
parts of larger determinant structures that are able to react with 
groupings in the immunizing protein. 

The best examples of bonding through non-ionic po)ar groups are 
the reactions of tartaric acid and of simple sugars in which the spec- 
ificities are conditioned by the steric arrangement of hydroxyls 
which therefore would supply points of linkage; in such cases, as 
Marrack points out, the spatial arrangement, on account of the short 
range 0! the forces, will be of prime importance. Other suggestive 
instances are the conspicuous influence of the acetylamino group 
CH3CONH as substituent in the benzene ring, in comparison to 
halogen or CH 3j in the reactions of azoproteins made from substi- 
tuted anilines, and the increase in specificity of fatty acid chains 
produced by the NHCO linkage. 

A difference in the serological significance of COOH and the strongly 
polar CONH2 group is indicated by the observation that through conversion 
of a pentapeptide into an amide the determinant influence oi the terminal 
groups was abolished or greatly reduced (pp. 178; 208 (ref. 82)). 

Changes in specificity can be produced also by inert groupings, as 
shown in the marked differences between antigens containing benzene 
and naphthalene or ethyl- and butylbenzene. Possibly, the effect of 
weakly polar or non-polar groups is mainly steric, due to modifica- 
tion of shape of the determinants (Pauling), or the specificity of 
neighboring structures may be affected; 88 at least there is no conclu- 
sive evidence to show autonomous serological reactivity of aliphatic 
or aromatic hydrocarbons. 89 Further information on this point, how- 


" v. (191). Cases in which reactivity was increased by introduction of gr «P 
unrelated to the antibody are the inhibition reactions wth dtwadyera aou 
acylated amino acids, and observations by Pressman, Brown and pauh ”& 

*" Attraction between long hydrocarbon chains attributable to van aer V 
forces were reported in the studies of Schulman and Rideal 1142;. 
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ever, •would be desirable and could be obtained by inhibition tests 
with soluble compounds* **5 The data collected hitherto give no indi- 
cation of cross reactions referable to substituents like Cl, N0 2 , CH S . 
Instances of changes in specificity by such substituents are presented 
in Table 18. 

The significance of electronic structure was considered by Erlenmeyer 
and Berger (r6s) and a broad parallelism drawn between similar or Iden- 
tical serological reactivity and the formation of mixed crystals (v, p. 170). 
Their view that immunological similarity follows from the prreeoce of an 
equal number of valence electrons in atoms or small groups of atoms 
(“pseudoatoms”) was based upon tests with conjugated antigens in which 
CH 5 and halogen, and the groups CH-, NH and O appeared to be sero- 
logically equivalent. Furthermore, correspondence was found in the reac- 
tions of azoproteins prepared from the isomorphic aminophenyiarsenic and 
aminophenyfphosphinic acids, in distinction (0 aminophcnylstihinic acid 
fv. (44) J , and benzene sulfonic and benzene selenonic acids were sero- 
logically similar, and different from benzene sulfinic acid. The presumption 
of a sharp difference between 0 or CH a , and CO was not fully substantiated 


anitine-2-suUonic acid and 4-bromoaniIine-3-suUomc acid proved to be 
serologically distinct, therefore the expectation that Br and NH* arc sero- 
logically equivalent appears not to be fulfilled.* 1 

A conjecture of Leltr6 (168) that the specific combination of antibodies 
with antigen consists of the formation of partial racemates owing to stereo- 
isomeric groupings in the two reactants does not allow for the reactions of 
many haptens having no asymmetric structure. 

Another hypothesis by Jordan (x6$) holds that antigen and antibody 
attract each other through resonance, by virtue of groupings, identical or 
nearly so, which arc present fn both, a supposition which will have been 
seen to be incompatible with known facts about antibodies* 3 From the 
viewpoint of the theory of resonance the hypothesis has been criticized by 
Pauling and Delbrlick (172). 

Attempts to elucidate the nature of serum reactions by physico- 
chemical studies, chiefly on colloids, at one time in the foreground of 
discussion/ 3 were prompted by several considerations: the colloidal 

* v. Creech and Frinks (:64b). 

"v.also(t), (167). 

**v. (ijo), (tji). 

“These investigations ire tpUy teviewed b Wells (173), including endeavours 
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character of antigens and antibodies, which are all macromolecular 
substances, their combination in seemingly variable, indefinite pro- 
portions, the incomplete reversibility of the reactions, inhibition 
zones as in the mutual precipitation of positive and negative colloids, 
the flocculation of sensitized bacteria by low concentrations of elec- 
trolytes, the imitation of serological hemolysis and hemagglutination 
by means of inorganic colloids (p. 6 ). Apart from analogies, sero- 
logical reactions certainly take place on the surface of the antibody 
molecules, these being impenetrable by any but compounds of small 
molecular size, and the degree of dispersion of antigens (particle 
size) is a factor which actually modifies the appearance of the re- 
actions and largely controls the quantitative relations 84 (p. 259). 
However, the “colloid theory,” stressing the relationship to surface 
and colloidal reactions, failed to give a clue to the specificity of serum 
reactions and, indeed, as we have seen, very simple non-colloidal 
substances react specifically with antibodies. 

^ Remarks on serological specificity. — The high specificity of 
many serum reactions led Ehrlich to the view that each antibody is 
sharply adjusted to one particular structure (receptor), and accord- 
ingly that overlapping reactions of antigens must depend upon the 
presence in each of them of identical substances or chemical group- 
ings. The idea was widely accepted and is still taken as a matter of 
course in some recent writings. From numerous observations on 
artificial conjugated antigens, however, this notion is seen to be in- 
admissible, and it is certain that antibodies react most strongly upon 
the homologous antigen, but also regularly, with graded affinity, on 
chemically related substances. Or, as Haldane (176) wrote regard- 
ing an enzymic reaction, “the key does not fit the lock quite per- 
fectly, but exercises a certain strain upon it.” 

The specificity of a lower order, shown by many normal antibodies and 
plant agglutinins, differs from those of immune antibodies in not being di- 
rected towards a particular antigen; but there is no good reason to believe 
that the specificity of normal antibodies is different in principle. As a ma er 
of fact, it is not always possible to decide to which of the two kinds an 
antibody belongs. , 

Another class of reactions often showing only a moderate degree 
cificity is the combination of enzymes with their substrates. An ex p 


r,f,Wv reactions through physical measurements, espe* 
: • ature see also (i73a)» ( J 73W- . . 

. - - complement fixation reactions wits 
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taken from recent studies is the selectivity of peptidases which require for 
their action the presence of certain amino acids in the peptides while wide 
changes in other amino acids do not abolish the enzymatic effect [Bergmann 

OS*)]. 

That no strict correlation exists between antigens and antibodies, 
as the assumption of absolute specificity and a rigid concept of re- 
ceptors would demand, is shown clearly by the occurrence of non- 
reciprocal reactions 65 in which antisera for an antigen A react also 
with another antigen B, but those for B only slightly or not at all 
with A. This relation, for example, obtains between the antibodies 
elicited by sheep blood and by certain bacteria, or between immune 
sera for native protein and peptic metaprotein. Whereas with natural 
antigens the cause of the phenomenon remains uncertain and has 
been attributed to complexity of the antigens,* 8 the state of affairs 
can be judged with greater assurance in the reactions of synthetic 
conjugated antigens Thus, when immune sera for o-aminobcnzoic 
acid react strongly with o-aminobenzene sulfonic acid antigen, while 
o-snlfontc sera do not precipitate o-aminobenzoic acid azoprotein* 1 
or do so but weakly, this must be due to the difference in specificity 
between the two sera, which proves once more that even a small 
determinant structure can combine with quite different antibodies. 
The combining part of an antigen or hapten one may conceive of 
as a structure — an area on the surface in the case of large molecules 
— that is brought into play in diverse ways, depending upon the 
antibody involved in the reactions. Hence, determinant structures 
arc defined only in relation to a certain antibody. For example, the 
affinity of meso-tartaric acid is presumably determined by the car- 
boxyl groups and, in addition, according to whether it is reacting 
with the homologous or with d- or I-tartaric acid sera, by either both 
or only one of the asymmetric configurations, while in the case of 
larger molecules the situation will be still more complicated. Indeed, 

Foreman hapten or the Wassrrminn substance accordinr to whether the alcoholic 
extracts are diluted with saline solution slowly or quickly [Sachs and Bock 
(174II ; similarly, the alcohol concentration of the emulsion fs of influence 
[Browning et al. (175)]. 

“v Doerr(r77). _ 

** f 178). fijq) 

** Additional examples will be found among the reactions of disaccharide gtu- 
cosides fv Goebel. Avery and Babers (tfo)]. 

Both reactions of o-aminobeniotc acid sera are inhibited by o-aminobenxoic 
acid and by o-aminobemene sulfonic add, but the sulfonic acid sera markedly 
only by o-aminobenrene sulfonic add. 
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it would hardly be possible to interpret consistently on the receptor 
principle ah the cross reactions of disaccharide glycosides, described 
by Goebel, Avery and Babers (iSo), even though the chemical and 
steric structure of the substances is well known. 98 For example, im. 
nmt; stia lot lactose reacted with cellobiose antigens although the 
terminal hexose, which in other instances has dominant influence on 
the specificity, is different; the similarity between the two sugars 
consists of the /^-configuration of the terminal hexose and the linkage, 
through the fourth carbon atom, between the two monosaccharides. 
But neither of these structural features causes a cross reaction in 
other cases examined. Summarizing, one may say that the antibodies 
for disaccharide glycosides seem to reflect the pattern of the homol- 
ogous hapten as a whole w while being capable of interacting with 
different integral patterns, A similar situation was encountered in the 
study of immune sera to peptides. There was no evidence for the 
presence of antibodies against amino acid residues, and sera for 
a pentapeptide (diglycylleucylglycylglycine) contained antibodies 
which were highly specific for the homologous peptide in its entirety 
(p. 179). These observations would be accounted for if the com- 
pounds, under the influence of intramolecular forces, should assume 
a characteristic spatial pattern. 

Accepted physico-chemical theories offer no basis for the assumption of 
forces dependent upon entire, large structures. In the opinion oi London 
(i0i) the existence of long-range forces which are due to "properties of the 
molecule as a whole” cannot be excluded to a certainty. 100 However, his 
theory is developed with reference mainly to the special case of conjugated 
double bonds. 

The view here submitted bears upon the question previously dis- 
cussed (p. 114) as to the necessity of discrete chemical structures 
for the production of various antibodies. That in this way mump * 
antibodies can be produced is unambiguously evidenced by the com- 
plexity of the immune sera that are produced with azoproteins (p* 
159) or iodoproteins (35). In order to investigate this issue wt 
o mall structures of known constitution, reactions of azoprotem se 
were examined by partial absorption and by inhibition tests. In 0 
sort of experiment Ml azoproteins were employed with two dime 

"v. (p. 174), Marrack (:), 

* Goebel et a!. (180). f 

Land^tefocr* and van der Scbeer (183) ; v. Haurowita et aL (x&t)- 
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active groups in the same molecule, viz. succinic and phenylarsenic 
adds, or glydne and leucine. The immune sera engendered by these 
antigens were analyzed by absorption with azoantigens possessing 
either one or the other of the residues and were found chiefly to con- 
tain two kinds of antibodies each directed towards only one of the 
two groups, possibly along with small amounts of antibody reacting 
with both. (By experiments of this kind it might be possible to. 
provide a striking proof for the assumed bi- or multivalence of 
antibodies.) 102 


Table 36 

[after Landsteiner et al. (183)] 


Repeated Absorptions with G Repeated Absorptions with L 

Test antigens Test antigens 
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Serum for jym. amlnolsopbtbalyl glydne-Ieudne (GIL) was absorbed separately 
with glydne (G) and with leucine (L) azostromata. Thu procedure was repeated twice; 
the supernatant fluids were tested with the homologous substance and with azoproteins 
made from glydne and from Jeudne. 

The above mentioned results prove that separate antibodies can 
be formed to several groupings within a rather small molecule and 
are in agreement with prevailing opinion, but a different aspect was 
revealed by experiments in which determinants of simple structure 
were put to use. Naturally, absorbing an immune serum with a suit- 
able quantity of an heterologous antigen of weak affinity will remove 
the reaction for this but not entirely for more reactive antigens; 
though occasionally a moderate amount of cross reacting heterol- 
ogous antigen may exhaust a serum completely. The more significant 
phenomena observed with a number of azoprotetn antisera may be 
illustrated by the behaviour of m-aminobenzene sulfonic acid sera. 

-V. Tauling (134), Hooker and Boyd (109); (p. 140). 
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These showed overlapping reactions as presented in Table 2 X. Ab- 
sorption with not too large an amount of o-aminobenzene sulfonic 
add antigen which gives an intense cross reaction yielded a solution 
strongly precipitating the homologous meta-, but no longer the ortho- 
antigen, and control tests with dilutions of the immune sera proved 
that the effect cannot be attributed to diminution of a single antibody 
since dilutions of unabsorbed serum were distinctly less specific than 
the supernatant fluid after absorption. When the experiment was 
performed with several heterologous antigens, it appeared that often 
the resulting fluids differed in their spedficity, as shown in Table 37 , 
treatment with each antigen impairing principally the corresponding 
precipitin reaction. 


Table 37 

[after Landsieiner and van der Scheer (185)] 
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used for immunization, the protein component cornel uvl pe responsible for the differ- 
ential reactions fv. <3733- 


These facts can scarcely be interpreted otherwise than by assure- 
ing a multiplicity of antibodies, and a glance at the structural nm- 
raulae of the substances examined shows that the single anub 1 
cannot be related to special groupings ~ of which at least four worn 
be required in the example given — present in the homologous sno- 
stance™ Thus to a multiplicity of serological reactions there r. 

“It is essential to note that the sen produced to 
add do not by any means react with ah compounds coniaunng sWemc aoa pr 
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not correspond a coordinate mosaic of chemical structures in the 
antigen. One may conclude that the antibodies formed in response 
to one determinant group are, though related, not entirely identical 
but, as evident from their cross reactions with heterologous antigens, 
vary to some extent around a main pattern, and that what ordinarily 
fs spoken of as an antibody is generally a mixture of specifically dif- 
ferent components. 10 * The existence of diverse antibodies, more or 
less closely adjusted to an antigenic pattern, would be adequate to 
explain differences in affinity and cross reactivity of antisera pro- 
duced in individual animals, or taken from the same animal at dif- 
ferent times, without necessarily resorting to the hypothesis 0 f anti- 
bodies varying in the number of combining sites (p. 140). Certainly, 
as there was occasion to mention, these considerations apply also to 
natural antigens, and the results obtained in absorption tests suggest- 
ing discrete antigenic elements will include effects such as were de- 
scribed above, in addition to those attributable to the presence of 
more than one specific substance or determinant group. 

The tendency for the production of multiple antibodies may be 
greater with more complex determinant structures, and one may 
assume that there are transitions up to those cases in which sharply 
separated determinants exist (v. pp. irs, 159). 

Instances of several antigenic determinants in one molecule arc 
presumably proteins and, quite possibly, polysaccharides, ,03 e.g. 
those of the salmonella group in which distinct serological properties 
are characterized by antisera absorbed with heterologous substances. 

Experiments on the deterioration of the B. dysenteriae polysaccharide by 
alkali gave no proof of the presence in the molecule of a special “helero- 
pMfe w structure, even though in the complete antigen the helerophUc anti- 
genic function was more labile than its capacity to engender precipitms. ,M 
For the cross reactions of plant gum with antipneumococcus serum, Marrack 
and Carpenter (X89) came to the conclusion that these are better explained 
by antibodies with different affinity against related determinant groups 
than by antibody fractions corresponding to separate groups in the homol- 
ogous polysaccharide. In particular, although cherry gum gives a greater 
amount of precipitate than gum arabie, which could indicate the presence 
of an additional determinant in the former, both reactions are inhibited by 

p 144. Lsndstanee el il. (186), (18s). Ifeidelberger ft a J (3;), (jC), 
(» 61 ; Hjur«it* (jj). 

"*v, Goodner (1*5), Ilridflberger (136), Morgan (191); White (187) (de- 
terminant groups In vibrios); (pp. J 3 J, 3 »j). 

"“Morgan (:8S). 
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glucuronic acid, and the reaction oi lie Immune serum wit! tie lomoiogc 
pneumococcus carbohydrate, after eriaustion mil cherry gum, is agi 
inhibited by glucuronic acid, to the same degree as the reaction of t 
unassorted serum. 

It will be wt* T ! to -rrrl t*-/, ■ ’ >■ ■ ■ ■■ , 

which have g- . < . ■ / »,■ . . ■ ■ 

the same hex*- » t : the uuuk annuo acids, uie cros, 

reacting antibody fractions are specifically adjusted to the homolt 
gcus antigen. This is demonstrated by the fact that the precipitatio 
of heterologous antigens is mostly better inhibited by the substance 
homologous to the immune serum than by those corresponding to th 
antigen tested. Representative experiments are reproduced in Tabt 
38, indicating that the antibodies which react with the leucine resi 
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Readings after 15 min , 1 hour, 3 hours, and the next day. 
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the same in the : ■ 1 • ‘ ■ 

That reactions ■ ' ■' 

homologous hapten alone, 507 as in 
Babers with glucosides, is easy to 
ences in affinity {pp. 186, 250). 
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VIII 

MOLECULAR STRUCTURE AND INTERMOLECULAR 
FORCES 

By Unus Fauling 

As our knowledge of the structure of molecules has greatly in- 
creased in recent years it has become clear that the physiological 
activity of substances is correlated not alone with their ability to 
take part in reactions in which strong chemical bonds are broken and 
formed, but also with the relatively weak forces which their molecules 
exert on other molecules. It is, indeed, probable that the high speci- 
ficity which often characterizes physiological activity is in most cases 
specificity of intermolecular interaction rather than primarily of 
chemical reaction with the rupture and formation of strong bonds. 

Atoms interact with other atoms in many ways. In the present 
discussion we divide interatomic forces into two classes, strong forces 
and weak forces. The strong forces arc those which are responsible 
for the existence of stable molecules; they arc the forces which lead 
to the formation of strong chemical bonds, with bond energies be- 
tween to and 100 kilocalories per mole. The weak interatomic forces, 
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including van der Waals forces and hydrogen-bond” forces, have 
energies of a few kilocalories per mole of interacting atom pairs; 
these forces are effective in holding molecules together without dis- 
rupting their individual structures, and also in operating between 
different parts of a large “loose-jointed” molecule in such a way as to 
hold it to a particular configuration. 

The selection of the energy value of about xo kilocalories per mole 
as the transition value between the two classes of interatomic inter- 
actions has its justification in statistical considerations based on 
thermal equilibrium at room temperature. Under ordinary circum- 
stances at room temperature (that is, with the reacting substances 
present in reasonable concentrations) interaction of the "strong” 
class between two atoms will hold them together as a complex which 
is not significantly dissociated by the disrupting action of thermal 
agitation, whereas interaction of the “weak” class will not do this. 
Only by cooperation of the interactions between many atoms of one 
molecule and many atoms of another molecule can weak interatomic 
forces give rise to a stable intermolecular bond. 

Weak interatomic forces have especial significance in serological 
phenomena — it is presumably these forces which lead to combination 
between an antibody molecule and a homologous antigen molecule 
or cell, and which also, operating between parts of the antibody 
molecule, are responsible for holding it in a configuration which 
confers on it the power of specific attraction for that antigen. 

The interaction between molecules is determined in large part by 
the detailed structure of the molecules. In the following sections 
there are discussed first the nature of the chemical bond and the 
structure of molecules, and then the nature of intermolecular inter- 
actions. 


THE STRUCTURE OF MOLECULES 

The strong interatomic' forces which lead to chemical bond forma- 
tion are varied in nature. For convenience several extreme types, 
which are in general not sharply demarcated but show gradual tran- 
sitions through intermediate types, are recognized; these are ou 
ionic bonds, covalent bonds, metallic bonds, and other bonds of I 
importance. . , . . -w 

Atoms such as sodium and chlorine can by losing or ga g 
trons achieve stable electronic configurations, such as tbo 
noble gases. The resulting electrically charged ions with ppo 
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sign, such as Na + and Cl - , attract each other with the strong inverse- 
square Coulomb attraction. If the dielectric constant of the medium 
is small this attraction is very strong; it pulls the ions together until 
they are in contact. The size of an ion is determined by its electron 
distribution. Anions range in radius from 1.4 A (for F - and 0~) to 
2.1 A (for I - ), and cations from very small values (about 0.6 A for 
Li + , Be ++ , Al 4 ‘ ++ ) to a maximum of 1.6 A for Cs + . When two ions 
are at the intemudear distance equal to the sum of their conven- 
tional crystal radii their outer electron shells interpenetrate to such 
an extent as to give rise to a repulsive force which balances the force 
of Coulomb attraction. 

The energy of such an ionic bond in a medium of low dielectric 
constant is large — of the order of 100 kilocalories per mole — and the 
ionic bond is a strong bond. Strong ionic bonds exist between sodium 
ions and chloride ions in the sodium chloride crystal and in sodium 
chloride gas molecules (at high temperatures), and also, for example, 
between iron ions and magnesium ions and the surrounding nitro- 
gen atoms of the porphyrin groups in hemoglobin and chlorophyll. 

In water or other medium of high dielectric constant the Coulomb 
forces between ions are very greatly reduced in magnitude, so that 
in general they no longer lead to the formation of strong chemical 
bonds. The magnitude of the bond energy for Coulomb attraction of 
two electrically charged atoms or groups can be easily calculated; it 
is the product of the two electrical charges divided by the distance 
between them and by the dielectric constant of the medium. For 
example, the Coulomb bond strength for a carboxyl ion group 
RCOO~ and an ammonium ion group RNH 8 + , which can ap- 
proach each other until the center of the nitrogen atom comes to 
within about 3 A of the center of an oxygen atom, is calculated to be 
about 4.5 keal. per mole for a medium with dielectric constant 25 
(the effective value for water for two charges at this distance 1 ). 
This bond energy is not great enough to cause the two groups to form 
a stable aggregate; however, as is mentioned in a later section, 
hydrogen-bond formation between the groups increases the strength 
of their interaction greatly, and together with the direct ionic attrac- 
tion gives rise to a rather strong bond between the groups. 

Of by far the greatest importance in determining the structure of 
organic molecules is the covalent bond or shared-electron-pair bond. 
This is the ordinary valence bond of the organic chemist The single 
1 Schwinenbich (l). 
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covalent bond results from the sharing of an electron pair (two elec- 
trons) between two atoms 


(H-H or H:H; 


H H 


HH 


H-C-C-HorH: 
H H 


C:C:H) 
H H 


the double bond from the sharing of two electron pairs (H.OCHj 
or H-C: :CH-), and the triple bond from the sharing of three electron 
pairs (HCraCH or HC:::CH). The carbon atom usually forms 
four covalent bonds (counting the double bond as two and the triple 

/R 

bond as three), the nitrogen atom three (as in the amines, : N — R) 


/ H 

or four, in which case it assumes a positive charge (-CHi- + N~- H) 

Nh , 

the oxygen atom two ( (CHi) s C =0 or CHj-O-CHj) or one 
(~ 0 -H), and halogen atoms one 


, / Ci 

(HC-C 1 ) 

N -C 1 


or zero (chloride ion, Cl~), 

The covalent bond holds atoms compactly together: the C — C 
single bond distana ‘ ■ : ’ : •' i w-*— -'***'*$ 

etc. The values of : * 

been found by experimental investigations, mainly by tne onuacuuu 
of x-rays and electrons, and it is now possible to predict with con- 
fidence, in most cases to within i or 2%, the interatomic distances 
for any molecule of known chemical structure. . 

The remaining information needed to define the configuration 01 
a covalently bonded molecule relates to the mutual orientation m 
space of the bonds. For the atoms which in the main occur in mo e- 
cules of biological substances single bonds usually are direc e ch 
ward the corners of a regular tetrahedron, making with one ano 
approximately the tetrahedral angle io 9°28'. The picture 0 
tetrahedral angle of Van't Hoff and Le Bel similarly leads to w 
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following values of angles involving multiple bonds: double bond 
and single bond,, 125 °i6'; two double bonds, igo°; triple bond and 
single bond, 1 8o°. These predictions have all been verified as holding 
to within a few degrees by extensive structural studies (electron 
diffraction, x-ray diffraction) carried out in recent years. 

The rotational configuration about a double bond is highly re- 
stricted by the requirement that the system, including the adjacent 
single bonds, be coplanar. Except for possible uncertainty in identi- 
fication of cts and Irons configurations, this requirement specifies 
uniquely the configuration about the double bond. 

The orientation about a single bond is less well defined. It has been 

HH\ /H 

discovered recently that the "staggered” orientation C— C 

II/ ^HH 

for ethane and related molecules is more stable by a small amount 
of energy (about 3 kilocalories per mole) than the “eclipsed” con- 
H V /H 

figuration C— C 

HH^ ^HH 

which differs from the "staggered” configuration by rotation of one 
group through the angle 6o° relative to the other. However, the 
requirement that each single bond have the "staggered" orientation 
often leaves accessible several alternative configurations for a com- 
plex molecule among which the molecule easily changes. For a 
hydrocarbon chain, for example, there exist alternatives such as the 
extended configuration 


H H H H 

\/ \/ „ 

c/ C \ C / C \/ C \:/ C \c 


and the various coiled configurations which result from this by ro- 
tating through 120 0 about any of the carbon-carbon bonds. X-ray 
and electron-diffraction studies have shown that molecules of the 
normal hydrocarbons and related substances have the extended con- 
figuration in crystals, but also assume other coiled configurations in 
the vapor state at higher temperatures. 

The phenomenon of resonance among alternative valence-bond 



SPECIFICITY OF SEROLOGICAL REACTIONS 


tSa 

structures is of great importance in determining fte configuration of 
aromauc and conjugated systems. For example, for tte benzene 
molecule the two reasonable valence-bond structures 
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(the Kekule structures) can be written. These structures, although 
they are the most satisfactory single structures proposed for the 
molecule, are unsatisfactory in several ways. Thus benzene does not 
show the unsaturation which would be expected for a molecule con* 
taining double bonds, and it does not form the pairs of isomeric 
compounds, such as 



which would be expected if the individual Kekule structures existed 
independently. The solution of these and many other difficulties has 
been provided recently by the idea, which is a consequence of the 
physical theory of quantum mechanics, that a molecule such as ben* 
zene, for which two or more alternative reasonable electronic struc- 
tures can be written, is represented not by any one of these structures 
but by a combination of them; the molecule is described as resonating 
among all of the alternative structures, and Us properties are de- 
termined by all of them. For benzene, which resonates between the 
two Kekule structures, each of the carbon-carbon bonds has 50% 
double-bond character; this gives each carbon-carbon bond the 
stereochemical properties (coplanarity) of a double bond, which re- 
quires the molecule to be a completely coplanar regular hexagon and 
to have carbon-carbon bond distances (1.39 A) between the single- 
bond and double-bond values. 

A very important consequence of the theory of resonance is that 
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a molecule which resonates between two or more alternative elec- 
tronic structures is more stable thermodynamically than it would be 
if it had any one of the structures alone. This energy of stabiliza- 
tion, called the resonance energy, amounts for benzene to 39 kcal. 
per mole. The benzene molecule is more stable by 39 kcal. per mole 
than it would be if it had a non-resonating Kekule structure; and 
since similar resonance stabilization does not occur for its addition 
compounds, benzene is much more resistant to hydrogenation and 
similar reactions than are molecules containing non-resonating double 
bonds. In the same way the resonance energy of other aromatic 
molecules stabilizes them and causes them to behave as saturated 
rather than unsaturated substances. 

It might be expected that the OH group in acetic acid or other 

carboxylic acid 

would dissociate to about the same extent as in the alcohols. Experi- 
ment shows, however, that the dissociation constants for these adds 
are very much larger (by factors of about io 11 ) than those for the 
alcohols. The explanation of this fact provided by the theoiy of reso- 
nance is that the carboxylic acids have the resonating structure 

A~ 

R ~ C \> ± H 

and the contribution of the second of these structures, which assigns 
a carbon double bond to the oxygen atom with hydrogen attached, 
causes the proton to tend to leave the molecule. A similar cxplana- 
+ 

O-H 

tion, involving structures such as 


as well as the normal structures, accounts for the greater acidity of 
phenols as compared with aliphatic alcohols. In a conjugated system 
such as benzoic add 
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in which the double bond of the carboxy I group is conjugated with 
the double bonds of the benzene ring , the connecting single bond has 
enough double-bond character to keep the carboxyl group coplanar 
with the ring. This double-bond character results from resonance 
with structures such as 



Steric interactions between atoms in a molecule are often important 
in preventing the assumption of an otherwise stable configuration. 
Thus the carboxyl group in o-methylbenzoic acid is prevented from 
becoming coplanar with the benzene ring by the steric repulsion be- 
tween the methyl group and the carboxyl oxygen atoms. 

The examples given above do no more than to indicate the breadth 
of the field of application of the theory of resonance. Many further 
applications are discussed in treatises on molecular structure and 
theoretical organic chemistry . 2 

. * Pauling {2), Hammett (3), Branch ei al, (4), Rice (s)> Remsck Osh 
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INTERMOLECULAR INTERACTIONS 

Two molecules may attract each other through interactions clas- 
sified as electronic van der Waals attraction, Coulomb attraction of 
groups with opposite electric charges, attraction of electric dipoles 
or multipoles, hydrogen-bond formation, etc. Whatever the nature 
of the attraction may be, the forces of attraction increase in general 
as the molecules approach one another more and more closely, and 
the bond between the molecules reaches its maximum strength when 
the molecules are as close together as they can come. The molecular 
property which determines the distance of closest approach of two 
molecules is the electronic spatial extension of the atoms in the mol- 
ecules. It is possible to assign to each atom a ran dcr Waals radius i 
which describes its effective size with respect to intermolecular inter- 
actions. These radii vary in value from : 2 A for hydrogen through 
1.4-I.6 A for light atoms (fluorine, oxygen, nitrogen, carbon) to 
1. 8-2 .2 A for heavy atoms (chlorine, sulfur, bromine, iodine, etc.). 
The shape of a molecule can be predicted by locating the atoms 
within the molecule with use of bond distances and bond angles and 
then circumscribing about each atom a spherical surface correspond- 
ing to its van dcr Waals radius. This shape determines the ways in 
which the molecule can be packed together with other molecules. 

The most general force of intermolecular attraction, which operates 
between every pair of molecules, is electronic van dcr Waals attrac- 
tion. This type of electronic interaction between molecules was first 
recognized by London (6). A molecule (of argon or carbon tetra- 
chloride, for example) which has no permanent average electric 
dipole moment may have an instantaneous electric dipole moment, 
as the center of charge of the electrons, in their rapid motion in the 
molecule, swings to one side or the other of the center of charge of 
the nuclei. This instantaneous dipole moment would produce an in- 
stantaneous electric field. Any other molecule in the neighborhood 
would be polarized by this field, which would cause Us electrons to 
move relative to its nuclei in such a way as to give rise to a force of 
attraction of the second molecule toward the first. By the time that 
this electronic polarization had occurred the electrons of the first 
molecule would have moved some distance, and its instantaneous 
dipole moment would have changed in value. It is clear that the 
theoretical discussion of the phenomenon is not simple; it was car- 
ried out by London, who found that the effect as calculated by quan- 
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turn-mechanical methods corresponds closely in magnitude with the 
observed van der Waals attraction for various simple substances 
(noble gases, hydrogen, oxygen, methane, etc.), and explains quan- 
titatively the intermolecular attraction which leads to their condensa- 
tion to form liquids. 

This electronic van der WaaJs attraction operates between every 
atom in a molecule and every atom in other molecules in the near 
neighborhood. The force is stronger for heavy atoms than for light 
atoms. It increases very rapidly with decreasing interatomic dis- 
tance, being inversely proportional to the seventh power of the inter- 
atomic distance. Because of this, the electronic van der Waals at- 
traction between two molecules in contact is due practically entirely 
to interactions of pairs of atoms (in the two molecules) which are 
themselves in contact; and the magnitude of the attraction is deter- 
mined by the number of pairs of atoms which can be brought into 
contact. In consequence, two molecules which can bring large por- 
tions of their surfaces into dose-fitting juxtaposition will in general 
show much stronger mutual attraction than molecules with less ex- 
tensive complementariness of surface topology. 

A measure of the energy of the van der Waals attraction of mole- 
cules is given by the heats of sublimation of their crystals. This en- 
ergy is small for light molecules and larger for heavier molecules. 
For the hydrogen molecule it is about 0.25 keal. per mole, for nitrogen 
and oxygen molecules about r.9, for argon 2.0, for krypton and 
methane 2.7, and for xenon 3.8. For large molecules the energy of 
van der Waals attraction is correspondingly larger, in proportion to 
the number of atoms in the molecule. 

Except for molecules with very large electric dipole moment or 
capable of forming hydrogen bonds, the van der Waals attraction is 
responsible for the major part of the interaction with other molecules. 

Other types of molecular interactions result from the possession 
by one or both of the interacting molecules of a permanent electric 
dipole moment or electric moment of higher order. The effects 0 
these permanent moments have been classified in various ways, as 
dipole-dipole forces, the forces of electronic polarization of one mole- 
cule in the dipole field of another, etc. In general, however, these 
electric forces are of minor importance, except when an isolated or 
essentially isolated electric charge is involved. Thus for hydrogen 
chloride, with a rather large value of the electric dipole momen , 
about five-sixths of the energy of intermolecular attraction is 
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to electronic van der Waals attraction and only about one-sixth is 
the result of dipole interaction. 

A type of intermolecular attractive force which ranks in impor- 
tance with the electronic van der Waals attraction is that associated 
with the structural feature called the hydrogen bond. The importance 
and generality of occurrence of the hydrogen bond were first pointed 
out in 1920 by Latimer and Rodcbush (7). A hydrogen bond results 
from the attraction of a hydrogen atom attached to one electronega- 
tive atom for an unshared electron pair of another electronegative 
atom. The strength of a hydrogen bond depends on the electronega- 
tivity of the two atoms which are bonded together by hydrogen; 
fluorine, oxygen, and nitrogen, the most electronegative of all atoms, 
are the atoms which form the strongest hydrogen bonds. The energy 
of a hydrogen bond between two of these atoms is of the order of 
magnitude of 5 keal. per mole. This is so large as to have a very 
important effect on the intermolecular interactions of molecules capa- 
ble of forming hydrogen bonds and on the properties of the sub- 
stances consisting of these molecules. It is hydrogen-bond formation 
between water molecules which gives to water its unusual physical 
properties — abnormally high melting point, boiling point, heat of 
fusion, heat of vaporization, dielectric constant, etc. Hydrogen-bond 
formation is also responsible for the existence of the hydrogen fluo- 
ride ion HF 3 “, and for the polymerization of hydrogen fluoride, the 
carboxylic acids, and other substances. 

The hydrogen bond is not specific, inasmuch as a hydrogen atom 
of a hydroxyl group, for example, will attract the unshared electron 
pair of any electronegative atom which comes into its neighborhood. 
But the attracted atom must be able to come to a definite position in 
space in order that a stable hydrogen bond may be formed. This 
position is along the line of the OH axis (for a hydroxyl group) and 
at a determined distance, which is about 2.7 A for an O-H -0 hydro- 
gen bond. This steric restriction and the limitation of the class of 
atoms capable of forming good hydrogen bonds give to the hydrogen 
born! somewhat greater stereochemical significance than is shown by 
the electronic van dcr Waals attraction. 

The third type of attractive force which is of significance in protein 
structure is the interaction of electrically charged groups, such as the 
carboxyl ion side chains and ammonium ion side chains of amino acid 
residues. As staled above, the direct electrostatic interaction of two 
such groups amounts to about 4.5 keal. per mole. However, the hy* 
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drogcn atoms of the ammonium ion group are able to form hydrogen 
bonds with the oxygen atoms of the carboxyl ion group, increasing 
very much the energy of the interaction of these two groups, and 
permitting a stable complex, with bond energy oi the order oi to 
kcal. per mole, to be iormed. 

The peptide chain provides illustration of several structural fea- 
tures. 



The conventional electronic structure shown above does not provide 
a complete representation of the chain; each peptide group shows 
resonance of the type 

f V’-O: V— Or- 1 

jHN:<( HN+<^ j 

which gives the C 2 — N bond some double-bond character. In conse- 
quence of this and the stereochemical property of coplanarity about 
double bonds, the stable configurations of the chain are those which 
make coplanar the group of atoms 



There are two such configurations; the extended one given above, 
and the contracted one 


L v 

e— n< 

X H 

In addiP'on, the chain has considerable freedom of orientation about 
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the single bonds C*-C* and N-C 1 . Further selection among the many 
corresponding configurations for the peptide diain results from the 
requirement that no two non-bonded atoms of the chain can come 
closer together than their limiting contact distance, the sum of their 
van der Waals radii. Interatomic distances and bond angles for the 
fully extended peptide chain, as given by Corey (8), are 



Another result of the resonance of the double bond in the peptide 
group is that the oxygen atom receives an increased negative charge 
and the nitrogen atom an increased positive charge. Both of these 
effects tend to increase the tendency of these atoms to take part in 
hydrogen-bond formation, and in consequence we would expect stable 
configurations of protein molecules to be those in which many hydro- 
gen bonds between peptide chains are formed. Such a structure, for 
extended polypeptide chains, is the following: 
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A structure of this type was first suggested, lor jS-keratiiu by A<t- 
bury, on the basis of his x-ray studies. 

Whereas a dear distinction can be made between electronic van 
aer Waals forces and other intermolccular forces, designated as 
Coulomb attraction of ions, attraction of electric dipoles and multi- 
poles, and hydrogen' bonds, these latter types arc not clearly demar- 
cated. A neutral molecule containing a carboxyl-ion group -COO"" 
and an ammonium-ion group -NH,+ may be described as having an 
electric dipole moment, and the force of attraction between two such 
zwitterionic molecules may be said to result from the interaction of 
two electric dipoles; this, however, is not the best way of describing 
the system except when the two molecules are very far apart. If the 
molecules are close together, the carboxyl-ion group of one molecule 
may be very near to the ammonium-ion group of the other — within 
4 A — with the other charged groups much farther away, perhaps 


H a N* 


- 10 A- 


~C 00 - HjN+- 

— * *~4 A~» < 


-coo- 


-io h- 


to A or 20 A away if the molecules are large. The mtermolecular 
attraction for this configuration will be very nearly the same as for a 
carboxyl ion and an ammonium ion at 4 A; and it can be expressed 
still more closely as the sum of the Coulombic interactions of the 
charged groups in pairs. 

Similarly the forces between two protein molecules may be con- 
veniently described in terms of the total electric charges on the mole- 
cules and their electric dipole moments and multipole moments so 
long as the molecules are far apart (compared with their own diam- 
eters of say 50 or 100 A); when the molecules approach one another 
more closely, and especially when they come into contact, the forces 
are more conveniently discussed by considering the interactions of 
small parts of one molecule and small parts of the other. 

Since the distances between atoms in contact are about 3 A or 4 A, 
and the dimensions of usually recognized atomic groups are not mu 
greater, electric charges in a molecule which are more than a ou 
5 A from other charges in the molecule may conveniently be £ ons * 
ered separately, whereas pairs of opposite charges less t an 5* a P 
in the same group may be described as forming the ekctncdipo 
the group. The dipole moments of groups are usual y sm ‘ . 
than 2 X io- 18 e.s.u. This moment corresponds to unit po . 1 
negative charges (equal in magnitude to the electronic g 
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ar3tcd by less than 0.5 A. It is seen that the force of attraction of 
two such dipoles or of a dipole and an ion at a distance of 4 A or 
more would be very much less than the Coulomb attraction of two 
ionic groups, since the effect of a positive charge would be nearly 
completely neutralized by the opposite effect of the nearby negative 
charge. It is for this reason that the dipole and multipole moments 
of groups make little contribution to the forces between molecules, 
compared with ionic groups. Moreover, as mentioned above for 
hydrogen chloride, the intermolecular forces due to dipole moments 
are also much smaller than those due to electronic van der Waals 
attraction. 

The hydrogen bond may be said to arise in large part from the at- 
traction of the dipole moments of the groups involved, such as 

/N— H Cy 

(the arrow pointing from the positive charge toward the negative 
charge of the dipole), with the dipole-dipole attraction unusually 
large because of the close approximation of the groups permitted by 
the small size of the hydrogen atom. Other factors (specific inter- 
action of the proton and an electron pair of the electronegative atom 
of the approaching gToup) also play a part, however, and it is cus- 
tomary to designate this special sort of interaction of groups as 
hydrogen-bond formation. 

The theoretical discussion of the interaction of molecules in solu- 
tion is complicated by competition with solvent molecules. A solute 
molecule may have as strong electronic van der Waals attraction for 
the solvent molecules as for other solute molecules. The electronic 
van der Waals attraction of atoms for all other atoms operates in 
every condensed system to bring all the atoms into as close packing 
as is permitted by the chemical bonds which determine the shapes 
of the molecules and by the other intermolecular forces. This is the 
reason that the molal volumes of most liquids and crystals can be 
expressed to within a few percent as the sums of definite atomic 
volumes. Only rarely (as in the case of fee, in which a rather open 
structure is stabilized by hydrogen-bond formation at tetrahedral an- 
gles) do exceptions occur. The effective electronic van der Waals 
attraction of two solute molecules in aqueous solution may be wry 
small, since the close approach of the two molecules involves the 
replacement of the water molecules adjacent to each molecule. Sim- 
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ilarly the effective hydrogen-bond attraction between two joint 
molecules is large only if the solute-solute hydrogen bonds plus th< 
corresponding water-water hydrogen bonds are significantly stronge 
than the ruptured solute-water hydrogen bonds. 

Of the great number of well-defined intermolecular compound: 
which are known, precise structural information is available for onlj 
a few; it is only very recently that x-ray and electron-djffraclioi 
methods and related techniques have been sufficiently developed fc 
permit them to be applied to complexes containing more than a dozer 
atoms or so, and their extensive successful application in this field 
has not yet been accomplished. Reliable information has been ob- 
tained about the dimer of formic acid 


H— C 


/O— H -(\ 


C-H 


and about a number of other polymers in which the intermolecular 
attraction is due to hydrogen bonds. Detailed studies have also been 
made of Werner coordination complexes, such as the hydrated and 
ammoniated ions Zn(NHi)* ++ , Ni(H 2 0)« ++ , Co(NHO« +++ , etc. 
The forces which hold the water or ammonia molecules to the central 
ion are in part the electrostatic attraction of the ion for the electric 
dipole molecules; more important is the formation of covalent bonds 
between the central atom and the attached molecules, with use for 
each bond of an electron p3ir provided by the molecule. Most atoms 
tend to form four bonds at tetrahedral angles (or in special cases four 
coplanar bonds directed toward the comers of a square) or six bonds 
directed towards the corners of a regular octahedron . The formation 
of bonds of this sort may be of general importance in holding the 
metal-containing prosthetic groups to their protein molecules in the 
respiratory pigments and related substances. There is strong evi- 
dence indicating that in hemoglobin each protoheme is held to globin 
not only by Coulomb attraction between the propionate ion side 
chains and positively charged groups in the globin but^ also by the 
formation of an octahedral bond between the iron atom in the center 
of the four nitrogen atoms of the porphyrin and a nitrogen atom of 
the imidazole ring of a histidine residue in the globin. It seems likely 
that in some heme pigments, including cytochrome c, each iron atom 
forms two bonds in this way with two parts of the protein molecule. 
Similar bonds are probably present also in hemocyanin and other 
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pigments containing metal atoms, aiding in holding the complexes 
together. 

Because of the lack of detailed structural information, there is 
doubt as to the nature of the forces which lead to compound forma- 
tion between nitro compounds such as picric acid and various aro- 
matic hydrocarbons. It is probable that the electric dipoles of the 
nitro groups are important here, and that the high polarizability of 
aromatic molecules in the plane of the rings gives rise to strong at- 
traction to the nitro molecule when it is suitably oriented. 8 The 
unusually strong bonds formed between antibody molecules and some 
nitro haptens * may result from a similar effect. 

An extraordinary set of molecular compounds is formed by certain 
sterids, especially desoxycholic acid. In the compounds between 
desoxycholic add and various carboxylic acids, dicarboxylic adds, 
esters, and other molecules it is found 6 that one molecule of the latter 
combines with 1, 2, 3, 4, 6, or 8 molecules of desoxycholic acid, the 
number increasing with increase in size of the molecule ( 1 for acetic 
add, 2 (or 3) for propionic acid, and so on to 8 for pentadecylic and 
larger adds). That hydrogen bonds are involved in the formation of 
these complexes is indicated by the fact that desoxycholic add and 
also a-ap<xdiolic add and / 9 -apocholic add, which form similar com- 
plexes, contain two hydroxyl groups, in essentially the same stereo- 
chemical configuration, whereas other related substances without 
hydroxyl groups or with different configurations are ineffective. It is 
likely that several molecules of desoxycholic add pile up in such a 
way that a cavity is formed through them into which fits the foreign 
molecule, which thus serves to key them together; but experimental 
substantiation of this surmise is lacking. 

The forces of van der Waals attraction, hydrogen-bond formation, 
and interaction of electrically charged groups are in themselves not 
spcdfic; cadi atom of a molecule attracts e%'ery other atom of an- 
other molecule by van der Waals attraction, each hydrogen atom 
attached to an electronegative atom attracts every other electronega- 
tive atom with an unshared electron pair which comes near it, 
and each electrically charged group attracts every other oppositely, 
charged group in its neighborhood. Similarly the van der Waals 
repulsive forces are non-specific; each atom In a molecule repels , 

(9), ranting (10). 

| ntunna. Droro and Tauling (xi). 

For reference act So boll* (t j). 
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every other atom oi another molecule, holding it at a distance corre- 
sponding to the sum of the pertinent van der Waals radii. 

We see, however, that specificity can arise in the interaction ' 
large molecules as a result of the spatial configuration of the mole- 
cules. Two large molecules may have such shapes that the - ' . 
of one cannot be brought into contact with the surface of the other 
except at a few isolated points. In' such a case the total electronic 
van der Waals attraction between the two molecules would be small,, 
because only the pairs of atoms near these few isolated points of 3 
contact would contribute appreciably to this interaction. Moreover, = 
the distribution of positively and negatively charged groups and of: 
hydrogen-bond forming groups of the two molecules might be such- 
that only a small fraction of these groups could be brought into effec- ’ 
tive interaction with one another for any position and orientation of.- 
one molecule with respect to the other. The energy of attraction of£ 
these molecules would then be small. If, on the other hand, the twot* 
molecules possessed such mutually complementary configurations 
that the surface of one conformed closely to the surface of the other, 
there would be strong electronic van der Waals attraction between 
all of the atoms on the surface of one of the molecules and the juxta- 
posed atoms of the complementary surface of the other molecule. 
And if, moreover, the electrically charged groups of one molecule and 
those of the other were so located that oppositely charged groups 
were brought close together as the molecules came into conformation 
with one another, and if the hydrogen-bond forming groups were also 
so placed as to form the maximum number of hydrogen bonds, the 
total energy of interaction would be very great, and the two molecules 
would attract one another very strongly. It is clear that this strong 
attraction might be highly specific in the case of large molecules which , 
could bring large areas of their surfaces into contiguity. A atolecuie 
would show strong attraction for that molecule which possessed com- 
pletely complementariness in Surface configuration and distribution 
of active electrically charged and hydrogen-bond forming groups, 
somewhat weaker attraction for those molecules with approximate 
but not complete complementariness to it, and only very weak attrac-, 
tion for all other molecules. 

This specificity through complementariness of structure of the two ( 
interacting molecules would be more or less complete, depending on 
the greater or smaller surface area of the two molecules involved w , 
the interaction. It may be emphasized that this explanation of spe- j 
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cificity, as due to a complementariness in structure which permits 
| non-specific intermolecular forces to come into fuller operation than 
* would be possible for non-complementary structures, is the only ex- 
! planation which the present knowledge of molecular structure and 
1 intermolecular forces provides. 
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(Italic figures Indicate 

Abrin, 4, 29 

Absorption, 17, 78, 127; fractional, see 
Antibodies, multiplicity of 
"Abwehrfermente” (Abderhalden), 23 
Acetylglucosamine, see Hexosamine 
Acetyl proteins, $x, 157 
Acid agglutination, 92 


* 1 ■ ■ ■ 101, 

lob, 107, X09, 196, 216, 332, 33$ 
Acid groups in antigens, 59 
Acylation, effect on reactivity of, 51, 
108, 157, *74. <90, 31$ 

Acyl chlorides as allergens, 201 
Acyl proteins, 45, 51, 157 
Adrenalin, 182 

Adsorption, 105, 106, 241, 261 
Agar, 98; antibodies for, rxi, 217, 227 
Agglutination, 5, 6, 144. *46, *48; 
auto-, 85, 350; bacteriogenic, 84; 
by acid, 92; cold, 85, 129; effect 
of electrolytes on, 252; formation 
of mixed clumps in, 253; iso-, 
84 ff., 87; volume change in bac- 
teria in, 247. See also Blood 
Agglutinins, 246, 247; absorption tech- 
nic with, 127; beta and betero- 
genetic reactions, 96; normal, 250; 
plant, see Plant agglutinins 
| Agglutinogens, 8, 85, 88. See also 
j Blood 

I Agglutinoids, 347 
1 Aggressins, 21 x 

' Albumin, 24, 3$, 43, 46, 66, 244. See 
j also Ovalbumin 

1 Albumoses, see Proteoses 

Alcoholic extracts, 81, 97. 99- 103 
i ,0 3 

Aldoblonie acids, 175, *7&. *** ,l8 

Alexin, jee Complement 


rrjv 

XICCi yo 03 


the principal reference) 

Aliphatic adds, 170, 187, 190 
Alkali protein, 45 
Alkaloids, x 81, 187 
Alkyl proteins, $1, 157 
Allergens, 9, 27, 198-207 
Allergy, 20, 151, 197 ff. 
Allylisothiocyanate as allergen, 205 
Amanita phalloides, 1 1 1 
Amboceptor, see Lysins 
Amides, 178, xga, 364 
Amino adds, 62, 63, 66, 177. See also 
Proteins 

Aminoacetanilide, 170 
Aminoanthracene, 163, >68 
Aminoantipyrine, 170, 263 
Aminobenzene arsenic add, 370 
Aminobenzene sulfonic add, x68, 169, 
17$, 188, 267 

Aminobenzoic add, 168, x86, 187, x88, 
190, 364, 267, 370 
Aminobenzophenone add, 265 
Aminobenzoyl-phenyUmlnoacetic add, 
*73, *»S 

Aminobenzyl glucoside, 17$ 
Ammocinnamic add, 168 
Aminodiphenyl, x6S 
Aminodipbenylmethane add, 265 
Aminoethylbenzene, *63 
Aminopbenol glycosides, 174 
Aminophenylacetic add, 170 
Amlnophenylanenlc add, i63, x88, 26$ 
Aminophenylphosphinic add, 265 
Aminophenylstibinic add, 265 
Aminopyridinc, 187 
Anunotartranilic add, 173, x3$, 190 
Aminothiaxole, *87 
Amyloid, 26 

Anamnestic reaction, 150 
Anaphylaxis, 8, 9, 23, 183, 197, 199, 
301, 304 

Anatoxin, set Toxoid 
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Androstendiol, 182 
Anilic acids, 170, 183, 184 
Aniline derivatives, 163, 168 
Anthranyl-carbamido proteins, 168 
Anthrax, see Bacillus 
Anthropoids, 14, 18, 78, 87 
Antibodies, 2, 127; activities at low 
temperature, 248, 250, 257; aggre- 
gates of, 13s, 141; alteration of, 
141, 263; artificial, 151; auto-, 8, 
85, 129; binding sites of, 140, 141, 
* 43 , 356, 260 (see also valence 
of) ; changes during immunization, 
140, 144, 145, 243; changes, "sec- 
ondary," 251, 255; chemistry of, 
133 ff-, 138, 14s, 150; coating of 
antigens by, 247, 254, rjp, 266; 
crystallization of, 138 ; denatura- 
tion of, 141, 149; differences: in- 
dividual, 104, 150, species, 134, 
135. MS; effect of formaldehyde 
on, 263; effect of ketene on, 263; 
enzymatic digestion of, 135, 142, 
143. 14s; film reactions with, 149; 
flagellar, 141, 143; formation of, 
145-147, 149, 150; heterogenetic, 
99 (see also Forssraan antigens); 
immune, 104, *33, 135; in drug 
allergy, 203, 204; iso-, 8 (see also 
Blood groups ); isoelectric point 
of, 135; "lifetime of," 145; mo- 
lecular weight of, 134, 143; multi- 
plicity (and inhomogeneity) of, 
17, 18, 41, 50, 54, ss, 78, 94 , ioo, 
114, 127, 143 . 144 , 222 i 25 1 ! 2 57 . 
268-271; multivalency of (see 
valence of); normal (natural), 5, 

7, 127, 128, 129, 131, 132, 250, 
266; placental passage of, 13*; 
production of: 103, 151, 248, de- 
pendent upon constitution of ani- 
mal, 104, in cell cultures, i«ji; 
purification (separation) of, 129, 
135, 137, 138, 1517 2 5°; relation 
to normal globulins, 138 ff-, 
specificity of, 148, 149, 152, 158; 
temperature effect on, 130, 141; 
titration of, 14 ff., 77 . 242 ff*I va * 


lence of, 140, 150, 183, 256-258, 
259 . 271; weak affinity of, 194, 
256, 257 

Antienzymes, 38, 39 

Antigen-antibody complexes, 185, 243, 
246, 249; composition of, 243, 
2 45 -2 47,‘ iS 9 > 2 G°I dissociation of, 
129, 137 , 246, 249, 2JP ff., 262; 
immunization with, 108, 139; sol- 
uble, 242 

Antigen-antibody reactions, 240; effect 
of antibody excess on, 242, 247, 
249, 256, 260; forces involved in, 
261-265; heat of, 251; heterol- 
ogous, see Cross reactions; mode 
of combination in, 259 ff.; rate of, 
248 ff., 262; stages of, 6, 246, 248, 
252; theories of, 256; with films, 
see Films 

Antigenicity, effect of adsorbents on, 
105, 106; effect of separating nat- 
ural antigenic complex, 103; of 
alcoholic cell extracts, 101; of 
azoproteins, 157, 159. 160, *62, 
168; of carbohydrates, 108; of 
cell constituents, gi ff., 100; of 
cells, 76, 222 (see also Bacterial 
antigens); of cholesterol, ni, 112; 
of fats, in; of glycogen, no; of 
gums, no; of haptens, 100 ff.; of 
lecithin, in; of lipids, in; of or- 
gans, 82; of pneumococcal poly- 
saccharides, 108; of proteins, 27, 
45. 61, 63, 77, 101; of red cells, 
76; of starch, no; of sterols, 112 
Anti) "•* 


binding sites of, 140, 141, 243, 
256-258, 262, 268 (see also Asa- 
protein); competition ("Konkur- 
renz”) of, 104; determinant groups 

in, 58, 196, 262-264, 267, 268; 
effect of size of, 2 SS, 2 59, ^3, 266; 
heterogenetic (Forsstnan), 76, 79 . 
9$, sis, 2! 3> 372 (see also Bac- 
terial antigens); "marked," 14 2 > 
147, 148, 24s; multivalency of, 
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140; reactions with films of, 43, 
57, 260 See also Antigenicity, 
Bacterial antigens, Tissues 
Antihormoncs, 36, 37 
Antipyrine, 187 
Antisera, see Immune sera 
Antitoxin, S, 141; concentration of, 
136; crystallisation of, 13S, pep- 
sin digest of, 135, 143, titration 
of, 240, 241, 242. See also 
Toxin 

Applications of serological reactions, 
66, 75. 79- 84, 102 
Arachnolysin, 5 

Aromatic groups in proteins, 59, 107 
Arsamlic acid, 160, 183, 187, 255, 259 
Arsenic acids, aromatic, 163 
Arsenic as ‘‘tracer," 160, 245 
Arsphenamine, 199, 204 
Arthus phenomenon, 9 
Ascaris lumbricoides, polysaccharides 
from, 217 

Aspirin, 1 81, 185, 200, 206 
Atopen, 9 
Atopy, 1,7 
Autohemolysin, 102 

Avidity, 14s, 250. 255. 256. 257 

Azodycs, 160, 186, 261; precipitation 
of, 1S2, 185, 254, 255, 238 
Azo-crytbrocytes, 247, 254 
Azogehtin, 6 j, 158 
Azoinsulin, 159 

Azoproteins. 257-160, 162, i63, 268; 
adrenalin residues in, 182; ali- 
phatic side chains in, /70; anti- 
bodies to, 115, 158, tsg. 176. as- 
pirin residues in, iSi, 185; basic 
groups in, 169: binding sites of, 
160, 245. 254, 259; carbohydrate 
residues in, 174. i“&. glucoside 
residues m, 160, glucuronic acid 
residues in, 17s. plutaric acid resi- 
dues in, 177, 179; histamine resi- 
dues in, 1S1. hydrocarbon residues 
in, if>3; naphthyl residues in, 190, 
peptide residues in, 17?; sulfanili- 
mide rrsidu'-s in, 182; sulfatHa- 
xole residues in, *86; thymine 
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residues in, 181; with plural de- 
terminants, 269 
Azoproteoses, 159 
Azostromata, 15s, iSo, 247 

B anthracis. i?9> 215, 226, 227 
Bacterial antigens, 91, 109, 17C, 222, 
carbohydrates, 91, no, 217 (see 
also Polysaccharides) ; flagellar 
antigens, 91 ff. , Forssman anti- 
gens, 109. 131, 215, 225; lipids, 
76, 109 (see oho Acid-fast ba- 
cilli), “0" (somatic) (complex), 
92, 109, 215, 222; proteins, 33, 
63. pr. 93. 107. 227, 271; types, 
91, transformation of, 235; "Vi,” 

223 

Bacterial capsules, specific substances 
in, 210 fl , 215 

Bacteria! variants, diphasic strains, 92; 

"smooth,” “rough,” 92, 215, 236 
Bacteriolysis, S, 11 
Bacteriophage, 42. 235 
Bactenophage-antiphage reaction, 245 
Bact pneumoniae Fnedlinder, 174; 
type specific polysaccharides of, 
214, 220 
Bee toxin, 30 

Bence-Jones proteins, :6, 67 
Benzcneselcnonic acid, 265 
Benzenesulfonic acids, 264, 265, 267 
Benzoic acid, 192 
Benzyl chlorides as allergens, 201 
Biphenyl-dicarboxylic add, 254 
Blood cells (erythrocytes), 

cokolic extracts of, 97, 99, 103; 
cattle, 87, 89; chicken, 87, 89; 
chimpanzee, 78, 87; differences in: 
individual, S4 ff , S7-S9, 117, 119, 
rami, 91, species, 117; dog, 78; 
donkey, 78, 79, 117; dove, 78, 104, 
11S; ethereal extracts of, 101; 
goat, 73, hetcrogenetic antigens in, 
95. US. bone, 78, 79, 103, t»j; 
human M and X types, S3, Rh 
factor in. 38, see also Blood 
groups. Mica on rhesus, 78; 
mouse, 78; mule, 78, 79, 117; 
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sheep, 78, 95 ff., 115; jtroma pro- 
teins, 77; transfusion, 8$ 

Blood groups, 84 ff.; heredity of, 85, 
86\ subgroups of A, 84, 116; tests 
for, 85, 88 

Blood group substances, 87, 104, n6, 
2ji ff.; in rabbit tissues, 104 
Blood stains, 87 

Boivin-type antigens, 109, 215, 222 
Bordet, adsorption theory of, 241 
Brain, 79* 8 r, 101, 206; antibodies for, 
8r, X03; hapten, 231 
Bromoaniline sulfonic add, 265 
Bromoproteius, 194 

Brucella bacteria, antigens from, 217, 
224 

Butylbenzene, 264 

Capsules, see Bacterial capsules 
Carbohydrates, see Polysaccharides 
Carcinoma tissue, 83 
Casein, n, 25, 60, 65 
Catalase, 38 

C. dipbtheriae: specific antigenic sub- 
stances from, 226; toxin, 31, 340, 
241, 244, 246, 251 

Cell antigens, ?$\ mosaic structure of, 
jxj, 221. See also Bacteria, Blood 
cells 

Cells, heavy pattides from, 8t, 130, 
326 

Cellobiose, 174 
Cellobiuronic acid, 17 S 
Cephalin, xn, rt2, 246 
Cerebrosides, 229 

Chlorodinitrobenzene as allergen, 199, 
204, 305, 207 
Chlorophyll, 277 
Cholera vibrio, 34, 127, 216 
Cholesterol, in, 112, 182; antihexno- 
lytjc properties of, 328", role in 
Wassennann test, 229, 23b 
Cholic acids, 192 
Chymotrypsin, 38 
Chymotrypsinogen, 38 
Cis-trans isomerism, * 74 . * 9 2 
Clupein, 25, 5 2 . 62 

Cobra toxin and venom, 30 


Cold agglutination, 85 
Collagen, 26 

Collodion particles as adsorbent, 15, 
141, H4, 227, 247 ' 

Colloidal acids and bases (inorganic), 6 
Colloids, 56 
Colostrum, 131 

“Combination immunization,” ror ff., 
nr 

Complement, 9, io, 252; fixation, 9, 
127, 130, 196; Neisser-Wechsberg 
deviation, n 

Complex bacterial antigens, 222 
Conglutimn, 8 

Conjugated antigens, 108, 156, 161, 
162, 172, 183, 187, 202, 227. See 
also Azoproleins 

“Conjugation hypothesis” in drug al- 
lergy, I98, 200, 201 
Cross immunization, 18, 119 
Cross reactions, 42, 32, 140, 144, 163, 
185, 186, 22o, 221, 243, 250, 2$J t 
263, 268 ff.; interspedes, X3X, 132; 
non-redprocal, 42, *16. 148, *&7 
Cretin, 5 
Crotoxin, 29 
Cytotoxic sera, 82 

Danysz effect, 251 
Deoaluration, 42, 43 . * 4 *. * 49 . *Ji 
Desensitization, 9, 198, 201 
Dtsoxycholic add, 192 
Determinant groups, 58, 214, X 15, 262, 
196, 360, 262-264, 267 ff., 271 
Dextrin, no 

Diazometbane as allergen, 201 
Diazoproteins, 48. See also Azopro- 
teins 

Dibenzanthracene, 168 
Dimboxylazobenzene, 254 
Dinitrochlorobeazene as allergen, * 99 > 
204, 205, 207 

Digestion of proteins, see Proteoses, 
Peptides 

Diphtheria bacillus, see C. diphtnenae 
Diphtheria toxin, see Toxin 
Disaccharides, 193, 267* 588 > 

Doves, 78, U 7 » ** 8 
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Drosophila, 8: - 

Dyes, sptdhcjlly pitdpilable, see Azo- 
dyes 

Dyjenteriae Shiga, see Shigella dysen- 
teriae 


Echinoderms, 14, 81 
EdtsUn, 27 

Egg proteins, 25, 28, 29, 61. See also 
Ovalbumin 

EhiUch, hypothesis of, 148 
Electrophoresis, 2:, 24, 53, 133 
Endotoxins, 7, 222 

f&xymw, 23. 29, 38, log, 142, 148, 183, 
230, 266; decomposing bacterial 
polysaccharides, 234, 235; purifica- 
tion of antitoxins by, 143. 
Equivalence zone, 241, 342, 343, 251. 
3S9, 260 

Ergosterol, see Sterols 
Erythrocytes, as adsorbents, 144. See 
also Blood cells 

Esterification, effect on reactivity, 5:, 
59. *68, X78, 193, 263 
Ethylbenzene, 264 

E. typhosa; complex antigens from, 
224; O-spedfic polysaccharides of, 
_ »5 

Euglobulin, 34, 35, 104, 136 
Evaanthic arid, 175 
Exotoxias, see Toxins 


factors (receptors), 93, 113, 114, 148, 
266 ff. 

E»ts, ns; of tubercle bacilli, 325 
F *tty adds, 191, 335; halogenated, 

„ * 7 *. *73 

ferritin, 36 

Eertilirin, 82 

fibrinogen, 2t, 34 

5 ®** 43 . S 7 , X 49 . 260, 361 

HageDar antigens, antibodies, ft ff., 

„ M*.I43 

flocculation, of emulsions, 81, 99, 102, 
* 3 °'. of toxin, jee Ramon’s Coem- 
ption test; velocity of, 248-250. 
Set elso Antigen-antibody reac- 
tions 


Flower pigments, 95 
Fluorescent conjugates, 142 
Forensic tests, 66, 87, 8S 
Formaldehyde, as allergen, 202; effect 
on antibodies, 142, 263; effect on 
antigens, toxins, viruses, 46, 47. 
See also Toxoid 

Forssman antigens (haptens, antisera), 
76, 7g, 81, p5, 98, 99, 103, loj, 
XX5, 223, 229, 231, 271; in bac- 
teria, 97, too, 109, 131, ats, 215; 
interpretation of, 99, 115 
Friedlander bacillus, xee Bact pneu- 
moniae Friedlander 
Fumaric acid, 174, 191, 192 
Fungi, 35 

Galactose, 174, 175 
Galacturonic add, 175 
Gelatin, 59, 62; azo-, 62, 158; deriva- 
tives, *58 

Gentiobiose, 174, 176 
Gentiobiuronic add, 176 
Gbadin, 27, 55 
Globin, 20, 24, 25 
Globoglycoid, 24 

Globulins, 24, 25, 80, 133 ff*. *4*» *46, 
149, *SO 

Glucosamine, see Hexosamine 
Glucose, X74, 175 
Glucosides, 175, X85, *86, 193, 267 
Glucosido-mbobeazyloxytyrosyl pro- 
tein, 174 

Glucosido conjugate, 162 
Glucuronic add, 175, X?6, 272 
Glutaric add, 177. *79. 190. *9* 
Glutithlone, X78 
Glycogen, xxo 
Glycoproteins, 26, 27 
Gonococcus, antigens from, 2x7 
Griffith’s phenomenon, 3 35 
Group specific substances, 87, xox, 1x6, 
tjr ff. 

Gums 174, 327, 250, »7*. *7>I *ftl- 
gtnidty of. xxo; polysaccharides 
of, 2X8, 220 

Hapten, 7, 76, 8r, xo6, no, rj6, x6t, 
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i6r, 172, 182, 183, 186, 229, 250, 
= 52 . 254, 25 $, 258, 263, 265, 267, 
272; antigenicity of, 100, 105, nr; 
polypeptide-like, 226 ; valency of, 
234, 25S, 259 5 cc c/jo Forssman 
antigen, Brain, Inhibition reactions 
Hapten-antibody complexes, evidence 
for, 181, rS2, iS 3 

Hemagglutination, see Hemagglutinins 
Hemagglutinins, 4, 5, 6, 129. See also 
Agglutination 
Hemocuprein, 24 

Hemocyanin, 20, 25, 65, 242, 243, 244, 
245 » 290 

Hemoglobin, 20, 22, 25, 56, 6o, 65, 67, 
106, 245, 246, 277, 290 
Hemoglobinuria, 85, 102, 250 
Hemolysins, 33, 80, 85, 102, 129 
Hemotoxin, 7, 32, 33 
Heredity, see Inheritance 
Heterogenetic antigens, see Antigens 
Heterogenetic properties from culture 
media, 98 

Heterogenetic reactions, 95, 96, 97 > 
100; interpretation of, 99, 1x5. 
See also Forssman antigen 
Heterologous reactions, see Cross re- 
actions 

Hexosamine (glucosamine), 217, 225, 
229, 2 SO, 23 s 
Histamine, 182, 197 
Histidine, 160 
Histones, 6, 63 
Homologous reactions, 8 
Hordein, 27, 55 

Hormones (antihormones), 36 ff., 279 5 . 
Hyaluronic acid, 217 
Hybrids, antigens of, 117 ff. 
Hypersensitiveness, 27, 152* *97 

Icterogen, 181 

Immune sera (antisera), 7, * 44 ‘> 
changes during immunization, 140, 
144. 145* 243, changes upon heat- 
ing, 43, 141. 247. 256; individual 
differences in, rg, r 04, 146, 1 59, 
186, ^250, 258, 271; species differ- 
ences in, 145, 242, 246, 249, 356; 


titration of, 14 ff., 77, 242 if. See 
also Antibodies 

Immunity, 3, 26, 138, 147; induced by 
a synthetic antigen, 176 
Immunization, ix, 103, 143, 146, 150, 
15 1 ; active vs. passive, S, 138; 
auto-, io2, 130; combination 
method of, ror; cross- (Uhlen- 
huth method), 18, 119; dependent 
upon constitution of animal, 104; 

' iso-, 61, 102, 103; using antigen- 
antibody complexes, 108, 139. See 
also Immune sera 

Individual differences, 8g, 90, 117, 132, 
150. See also Immune sera 
Infectious mononucleosis, :oo 
Inheritance (intraspecies, species hy- 
brids), of allergic susceptibility, 
197* 205; of blood groups, 85, 86, 
88, 89, 130; of proteins, 120 
Inhibition reactions, 75, 179, 182, 185, 
186, 229, 232, 252, 2 68 
Inhibition zone, 242, 24b, 247 
Insects, 14, 81 
Insulin, 37, 62, 159 
Interatomic forces, 275 
Intermolecular forces (interactions, re- 
actions), 261, 27 5, 283 
Inuliti, xro 

Invertebrates, 14* 82, 90 
Iodine as allergen, 202 
Iodoform as allergen, 207 
Iodoproteins, 48, 156, 194. * 96 > * 4 S> 
259, 268 

lodotyrosine, 194. *95 
Isoagglutination, 84 ff., 87 
Isomerism, ds-lrans, 174, 192; optical, 
226; position, 168, rS6; stereo-, 
r?2, 174, 26 2, 264, 265 
Isoprecipitins, 119 

Kerateine, 187 

Keratin, 22, 48, 60, 172, 2SS 

Kidney, 79, 82, 229, 23Z „ 

“Korobinationsimmunisierung, t0I < 
IJ2 

K. pneumoniae, stt Bad. pneumoniae 
Friedlander 
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Lactose, 174 

Lattice theory. 252— 254 . * 5 S 
Lecithin, 111,1x2, 183, 229, 230, 246 
Lecithinase, 39, 30, 39, 228 
Lcgumins, 55 
Lens, 32, 48, 65, 103 
Lcucoddins (leucotoxin), 8, 32, 33 
Leucocytes, 8, 79, 82 
Lculdns, 8 

Lipids (phospholipids), 23, 24, 76, 8t, 
102, 224, 226, 228, 229, 255; al- 
tered solubilities due to, 229; anti- 
genicity of, m; flocculation of, 
247 (cf. flocculation); in bac- 
terial (Bolvm) antigens, 109, 21s, 
222; in rorssman haptens, 225, 
229; in lens, 22; in specific pre- 
cipitates, 246; in tubercle bacilli, 
lor, 223. 226, role in precipita- 
tion, 346, 235. See also Lecithin, 
Ccphalin 

Lipid-polysaccharide complexes, see 
Boivin-type antigens, Lipocarbo- 
hydrate 

Lipoearbohydrate, 223, 229 
Lipoprotein, 39 
Liver, 79, 82 

Lysins, 7, 8, 95 127, 246, 347 

Lysis, 232 
Lysolecitbin, 228 
Lysozyme, 235 

M and N types, see Blood cells 
Maleic arid, 174, X9t, 192 
Malic acid, X73 
Malkin, 33 

Malonic acid, X90, 191 
Maltose, 174 

Mammalian reaction, 20, 43, 61 
Meningococcus, antigens from, 2x7 
Metaprolrin, 43, 267 
Methyl proteins, 51. See also Esterifi- 
cation 

Mtlfc, 23, X02. See also Casein 
Molecular compounds, x;o. :6x, 263 
Molecules, configuration of, 276-282, 

Molluscs, 14, 82 


Monomolecular layers, see Films 
Morphine, 181, 187 

Mosaic structure of cell antigens, 1x3 
ff., 1x5, 11S, 159, 22:, 222 
Mouse protection, 13S 
Mucins, 27, 63 
Muscle protein, 2 1 
Mustard gas as allergen, 203 
Mustard oil -as allergen, 203 
Mutual multi valence theory, 233 
Myco. tuberculosis, 34, 196; lipids, 
101, 107, 223, 226; polysaccha- 
rides, 2X6, 233 

Naphthalene, 264 
Naphthoic arid, 190 
Naphthoquinone-sulfuric acid, 162 
Naphthyl residues in axoprotcins, 190 
Naphthylamine, 163 
Negative phase, 14 s 
Ncisser-Wcchsberg complement devia- 
tion, XI 

Neurotoxins, 33 
Nicotine, 187 
Nmhydrin, 142 
Nitrobenzoic add, 161 
Nitrosodimethylaniline as allergen, 199 
Nitrogelatm, 19s 
Nitrophenol, x6x 
Nitroproteins, 48, 156, rfii, 19s 
Non-reciprocal reactions, 42, xi6, 14S, 
267 

Non-specific phase, 94 
Normal (natural) antibodies, 127 C 
Nucleic acid, 27, 36, 41 
Nucleoproteins, 33, 41, 63, 80, 107 

Opsonins, see Tropins 
Organs antisera to, and cytotoxic ef- 
fects, St, 82; antigenicity of ex- 
tracts, Si, 82, J02, hemolytic 
properties of extracts, 228; pro- 
teins of, So, specificity, 7S-79, 81. 
See also Tissues 
Organ specific substances, 80 
Orthoform at allergen, 199, 207 
Ovalbumin. 23. 29, j 5 , 243, 246; phos- 
phorated, 161 
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Conjugated antigens; cross-reac- 
tions of, 42 (see also Cross-reac- 
tions); denatured, 42 ff., 141, 149, 
IS*; differences in individuals, 
races, species, 23, 118 ff.; heredity 
of, X20; inhomogeneity of, 25; of 
muscle, 21; of parasites and 
worms, 26; oxidation of, 47, 156; 
pbnt, 23, 26, 55; serum proteins, 
origin of, 67; specificity of, 55; 
split products of, see Proteoses, 
Peptides; tissue, 21. See also 
Amino acid ' 

Proteoses, 45, 159, 196, 254 
Pro2one, 242, 246, 247 
Pseudoglobulin, 24, 139 
Fynmidon, 187, 199, 206 
Pyrazolone compounds, 170, 285, 187 
Pyridine, *69, 170, 185, 187, 265 

Quinine, 187, 200, 201, 206 


R. variant, 225. See also S and R vari- 
ants 

Racemization. 45, 64 
Ramon’s flocculation test, 32, 241, 242, 
248,249 

Rattlesnake venom, 29 
Reagins, 9. i35» xgS 
Receptors, see Factors 
Reducing reagents on proteins, 48 
Residue antigens, 76, sio 
, Resonance, 279-281, 286, 287 
Resorcinol, 206 

1 Reversibility of serum reactions, 129, 
, >37. 246, 249, ija ff-, 262 
Retanilo-endothclUl system in antibody 
production, 146 
Rh factor, 88 
Ribonuclcase, 39 

* Rifwradeoprotein, 8j *» 

r. Jjan, 4 . 29. 253 

; RwwUiiae, 98, 221, 223 

* I»»P1, 17». I 87 

5.* R transformation, effect on virulence 

i» of. *36 

,< 5 and R variants, 91, 2rj 

C 1 


Saliva, 79 

Salmonella bacteria* antigens from, 
2:7; type-specific substances of, 
215, 221, 322; types, 94 
Salts, metallic, and agglutination, 6, 
161 

Saponins, 6, 30, III, r8x, 228 
Sarcoma tissue, 83, 90 
Scbults-Dale reaction, 9 
Scorpion toxin, 30 
Seroglycoid, 24 

Serological determinants, see Determi- 
nant groups 

Serological factors, 1:3 
Seromucoid, 21, 24, 29 
Serum, sickness, 100, 197 See also Im- 
mune sera 

Serum proteins, 24, 25, 139 
Shigella dysenteriae* complex antigens 
from, 223; polysaccharide of, 216, 
227, 27 1 

Shwartzman phenomenon, 9 
Silicic acid, 6 
Silk, 26, 196 
Skin grafting, 90 

Species: characters, heredity of, 117; 
closely related, 78-79; differences, 
21, 64, 117; hybrids, r *7 ; speci- 
ficity, see Specificity 
Specific phase, 94 

Specificity, 5, 266, 267, and particle 
sire, 56; basis of, 275, 292; Ehr- 
lich's theory of, 14S; species, 3. 4. 
23, 16, 35, 29, 36, 37, 39. 43. So. 
77. 79." transplantation, 90 
Spermatozoa, 77. 79» Sl > ,0 3. ,J 9 
Spirochaetes, 102 

Staphylococcus, antigens from, 2x7 
Staphylolysm, 32, 33 
Starch, no 

Stereoisomerism, see Isomerism 
Steric hindrance, 345, 255, 35$. J 39 
Sterols, 1 to ff 

Streptococcus, 34. antigenic particles 
from, 226; antigens from, 3*7 
Streptolysin, 31 * 

Stromata, 77. See also Azostrumsta, 
Axoeryth rocyt es 
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Strychnine, 18*, 187 
Suberanilic acid, 170, 183, 184 
Succinanilic acid, 170, 184, 190, 192 
Succinic acid, *90-192, 264, 269 
Sulfanilamide, 182 
Sulfa thlaaole, 185 
Sulfonic acids, 163 


Tannin (tannic acid), 6, 23, 244, 255 
Tapeworms, xo* 

Tartaric acids, *73, 185, 190, 262, 264, 
267 

Tartranilic acid, 253 
Testicle, fit, 79, 8 *, xox 
Tetanolysin, 5 
Thiazole, 170, 265 
Thiophene, 170, 263 
Thiophene carboxylic acid, 190 
Thyroglobulin, 23, 36, 67, 179, z8i, 
*94, *95, 244 
Thyroxine, i8r, 194, 195 
Thyroxylglobuliu, 195 
Tissues, 77 ff. r 90; antigenic particles of, 
Sr, 130; group-specific substances 
in, 104, 132; production of hemo- 
lysins by cells, 80; proteins in, ai; 
species specificity of, 77 ff. 
Toluidine, 168, *86 

Toxins, 7, ip- 33 , 35; diphtheria, 240, 
244, 346, 251; neutralization of, 
240, 25*; reactions with antitoxin, 
341 ( see aho Ramon's flocculation 
test). See also Endotoxins, Ven- 
otns * 

Toxoids, 8, 32, 242 



‘ Transformation of bacterial types, 
235 ff. 

Transplantation specificity, 90 
Trichophyton, 35, 217 
Tropins, 8, 127 
Trypanosomes, 77, ioj 
Trypsin, 38 

Tubercle bacillus, see Myco. tubercu- 
losis 

Tuberculin, 33, 106, 131 
Tumors, 79, 82-83, 90 
Typhoid bacillus, see E, typhosa 
Tyrosine, 49, 160, *83 

Unitarian hypothesis, 144 
Urease, 38, 48 
Ureidoproteins, 162, 163 
Uronic acids, *74-176, zit ff , 218 
Ursol, see Phenylenedianunfl 
Urushiol, see Poison Ivy 

Venoms, 29, 30, 33, 238, 230, 33* 
Vibrios, 114. See also Cholera vibrio 
Virulence, 223; effect of S-R transfer 
mation on, 336 

Viruses, 5, 40, *29, 130, 259, 360; pa 
pilloma, 83 ; transformation of, 23* 

Wassermann reaction, *02, 229, 230 
Wassermann substance, 8r, 230, 231 
Weil-Felix reaction, 98, 22*, 333 
Worms, 26, jo6, 198 

Xanthoproteins, 48, *56 

Zein, 27 « J 95 




